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The chemical compositions and physical characteristics of a range of bacterial 
polymers was analysed. The polymer elaborated by Rhizobium meliloti appeared 
to be a succinoglycan containing acetyl groups whereas the Zoogloea ramigera 
polymer contained glucose and galactose in the ratio 2:1 and contained acetate 
and pyruvate. In the presence of cations, the succinoglycan existed in an ordered 
state, whereas the Zoogloea polymer appeared to exist in a gel like state, rather 
than a true polymer solution. The bacterial alginates contained various amounts 
of mannuronic acid (M) and guluronic acid (G) residues. As expected, the 
Pseudomonas aeruginosa alginate lack contiguous 0 residues. The alginate from 
Azotobacter vinelandii 206 was unusual in that it contained a very low amount of 
G residues. 
Metal uptake by a range of polymers was carried out by dialysis and samples 
were analysed using ion chromatography. The alginate samples showed that 
uptake of the ions was dependent on the ratio of mannuronic acid : guluronic 
acid and a binding selectivity of Sr> Ca> Mg > K> Na > Li was found. The 
algal alginates showed greatest uptake and selectivity, although values obtained 
were low in comparison to published results for alginates in the gel phase. The 
bacterial alginates showed limited uptake and selectivity. Once the bacterial 
alginates were deacetylated the uptake and selectivity increased significantly. It 
is thought that the acetyl groups sterically inhibit the binding of cations. 
The uptake of cations by polysaccharides isolated from four other bacteria was 
also examined. The polysaccharides which contained acetyl groups showed a 
selectivity of Ca> Mg > monovalent cations, however when the polymers were 
deacetylated, the selectivity of uptake of monovalent ions was> Mg> Ca. The 
polymer and ion concentrations were too low to allow gelation of certain 
polymers, but even at low concentrations, the acetyl group appeared to play a 
iii 
iv 
significant role in ion binding. The reason for the altered selectivity of ion 
binding following deacetylation is unclear. The Zoogloea polymer had a low 
capacity to remove cations compared to A3(sl) and XM6 which had the highest 
uptake capacities. The selectivity coefficients were all close to unity, perhaps 
suggesting similar ion binding. 
There were difficulties in accurately analysing metal toxicity due to the media 
used, but A3(sl) and XM6 appeared the most resistant organisms. The Zoogloea 
organism was more sensitive to the metals than expected. Continued exposure 





ATP adenosine triphosphate 
ADP adenosine diphosphate 
CD circular dichroism 
CF cystic fibrosis 
d.a. degree of acetylation 
deac deacetylated 
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EDTA ethylenediaminetetraacetic acid 
Fuc fucose 
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1.1 METALS IN THE ENVIRONMENT 
Toxic metals are produced industrially and extracted from their ores by mining. 
They are used in tanning, plating and as industrial catals, and are present in 
fuels, dyes and paints (Brown & Lester, 1979). They can cause great 
environmental problems and produce toxic effects in living organisms 
(Hernberg, 1977; Cook, 1977). Toxic metals are usually classed as heavy metals, 
which constitute a group of about 40 elements with a specific gravity >5 
(Passow et al., 1961). 
Due to the increased need for the recycling of water supplies, specific 
mechanisms, over and above those utilised in the everyday treatment of waste 
water, are required for detoxilTcation of industrial effluent. The large metal 
uptake capacity of many bacteria has encouraged research into the possibility of 
using biomass to detoxify this effluent (Hutchins et al., 1986; Volesky, 1987; 
Gadd, 1990). Research has concentrated on the uptake capacities of whole 
biomass, extracellular polysaccharides and bacterial cell walls. The binding 
capacity of these components is dependent on their chemistry and structure 
(Beveridge, 1989a; 1989b). The work presented here concentrates on the 
binding capacities of the ECPs. 
1.2.1 EXTRACELLULAR POLYSACCHARIDES 
Many genera of bacteria include species capable of producing extracellular 
polysaccharides (ECPs). The polysaccharides take the form of a capsule or 
slime depending on whether there is cell association. A capsule is covalently 
bound to the bacteria whereas slime is loosely associated. 
The major polysaccharide constituents are frequently neutral sugars such as D- 
glucose and D-galactose. Methyl pentoses such as L-fucose are also found, in 
addition to amino sugars such as glucosamine. Uronic acids are relatively 
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common (Sutherland, 1980) and confer a negative charge on the polymer. Non 
sugar constituents, such as succinate (Harada & Yoshimura, 1964) and acetate 
(Linker & Jones, 1966) are frequently found. Ketal linked pyruvate groups were 
first noted in a polysaccharide elaborated by a strain of Xanthomonas campestric 
(Sloneker & Orentas, 1962). The group is attached to the C3 and C4 or C4 and 
C6 positions of a neutral sugar and like succinate, confers a negative charge on 
the polymer. The constituent amounts vary in certain microorganisms 
depending on growth conditions (Sutherland, 1971; 1982). 
Polysaccharides can be categorised into two groups. Homopolysaccarides such 
as dextran, cellulose and levan which are composed solely of one neutral sugar 
and heteropolysaccharides which have a regular repeat unit composed of 2-6 
sugar residues and are mostly acidic due to the presence of a uronic acid or a 
substituent such as pyruvate or succinate. 
Several bacteria are capable of synthesizing more than one chemically distinct 
type of polymer. Christensen et al., (1985) identified a marine Pseudomonas that 
produced one distinct polymer during exponential growth and another in the 
stationary phase. Other bacteria such as Rhizobium and Agrobacterium produce 
a high molecular weight acidic polymer together with a low molecular weight 
product (Sutherland, 1985). 
Strains of some organisms produce both capsules and slime. This is thought to 
be due to a mutation from capsule to slime production. Wilkinson et al., (1954) 
noted that strains of K aerogenes type 54 strain A3 produced either a capsule or 
slime with identical chemical compositions. 
1.2.2 POLYMER SYNTHESIS 
Heteropolysaccharide synthesis is intracellular and based on the use of 
nucleoside diphosphate sugar precursors such as UDP-glucose and UDP- 
3 
galactose, with regulation occuring at the precursor level (Sutherland, 1977). 
lelpi et al., (1983) demonstrated that acetylation of the pentasaccharide subunit 
in X campestrLc occurred at the lipid intermediate stage and the precursor was 
acetyl Co-A. Additional work showed that pyruvulation occurred at the same 
stage with the precursor being phosphoenolpyruvate (lelpi et al., 1981). The 
biosynthetic enzymes are cytoplasmic or loosely associated with the cell 
membrane. The synthesis of lipopolysaccharide (LPS) and peptidoglycan (PG) 
occurs at the same sites and uses some common precursors and enzymes. The 
polysaccharide is assembled and exported on an isoprenoid alcohol identical to 
that used for LPS and PG synthesis (Troy et al., 1971). 
1.2.3 FUNCTIONS 
The production of ECPs is thought to be in response to selective pressures in 
the environment (Dudman, 1977) and most functions are assumed to be 
protective. The polymers are highly hydrated and can protect the organism 
against desiccation and phage attack (Sutherland, 1972). Dudman, (1977) also 
suggested a regulatory role in the uptake of essential and toxic ions. By 
participating in attachment (Costerton et al., 1978) polymers may also aid 
nutrient uptake (Costerton & Irvin, 1981). The possible role that 
polysaccharides play in the nodulation of different Rhizobium genera has been 
reviewed by Gray & Rolfe, (1990). 
1.2.4 POLYSACCHARIDES USED IN THIS STUDY 
Kiebsiella aerogenes type 54 strain A3 (SI) 
Initial research into the structure of the polymer produced by this bacterium 
was performed by Sandford & Conrad, (1966) and Conrad et al., (1966). It was 
not until 1982 that Dutton & Merrifield, (1982) determined the precise 
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chemical composition and repeat unit of the polymer. They also ascertained 
that acetate was attached to the 0-2 of every alternate fucose residue (Figure 
1.1). The X-ray fibre diffraction pattern (Atkins et al., 1987) showed the 
polymer to exist in a double helix with eight tetrasaccharide repeat units per 
three turns of the helix (8 3). Atkins and his colleagues also suggested that the 0-
acetyl groups inhibited aggregation of neighbouring helices which leads to 
gelation. Once deacetylated, the helixes can come together, and in the presence 
of certain cations, the polymer gels. 
Enterobacter (NCIB 11870) 
This bacterium elaborates an anionic branched polymer with unusual gelling 
properties (Nisbet et al., 1984). Its structure was determined by O'Neill et al., 
(1986) and was found to be a naturally deacetylated form of the polymer 
produced by Kiebsiella aerogenes type 54 (Figure 1.2). X-ray diffraction data 
(Atkins et al., 1987) showed the polymer to have strong polymer-polymer 
interactions, consistent with gelation and to exist as an 8 3 fold double helix. The 
polysaccharide gels in the presence of monovalent and divalent cations, with 
Na+ and Ca2+ inducing the strongest gels respectively (both have ionic radii of 
about 0.1 nm). Trivalent cations cause precipitation and the polymer gels at 
concentrations as low as 0.3 % w/v. 
Zoogloea ramigera Z11941 
This bacterium is frequently found in sewage plants and its extracellular 
polymer has a strong affinity for metal ions (Freidman & Dugan, 1968a). It was 
described by Freidman & Dugan, (1968b) as a floc-forming, Gram negative, 
polarly flagellated rod. In the aqueous phase, finger-like projections are seen 
under the microscope. Freidman et al., (1968) suggested that the projections 
Figure 1.1: Structure of the polysaccharide produced by Kiebsiella aerogenes type 
54. 
4)-a-D-G1cA-(1-'3)-a-L-Fuc-( 1 -'3)-fl-D-Glc-( 1-' 
(C2orC4) 	4 
0-acetyl t 
(every second 	1 
repeat unit) fl-D-Glc 
5 
Figure 1.2: Structure of the polysaccharide produced by Enterobacter 11870. 






were composed of globular aggregates of cells surrounded by a capsular matrix. 
Norberg & Enfors, (1982) showed that the polymer was produced as a tightly 
bound capsule, only released into the medium after 60-70 hours incubation. 
There seems to be no simple repeat unit and the repeat unit seems to alter 
under different nutrient conditions. Franzen & Norberg, (1984) found the 
polymer to contain D-glucose and D-galactose in the ratio 2:1. Pyruvate was 
also found. Another study by Ikeda et al., (1982) showed the polymer to have a 
molecular weight of about 105 and to contain D-glucose, D-galactose and 
pyruvate in the ratio 11:3:1.5. Both groups suggested very different linkages and 
branching. 
Succinoglycan from K meliloti 
Rhizobium are Gram negative bacteria which survive in the rhizosphere of 
potential host plants. They form nitrogen fixing nodules in association with 
these leguminous plants. The process involves nodule formation on the plant 
root, invasion of the developing nodules through infection threads and release 
of the bacteria into the interior of the plant cells where they differentiate to 
form bacteroids which are capable of fixing nitrogen to supply to the plant. A 
detailed description of nodule formation has been written by Bauer, (1981). The 
importance of the polymer in nodule formation was noted by Leigh et al., (1985) 
who found that exo- mutants of K meliloti were incapable of nodulating alfalfa. 
In general, a Rhizobium strain will not secrete a single polysaccharide product 
but may excrete EPS, capsular polysaccharide and low molecular weight B-
glucans (Zevenhuizen, 1987). The structure of the polymer produced by K 
meliloti was examined by Bjorndal et al., (1971) and later by Jansson et al., 
(1977). They found a repeat unit of D-glucose, D-galactose, pryuvic acid and 
acetate in the ratio 7:1:1:1. Succinate is also present (Ghai et al., 1981). 
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Analytical studies by Harada et al., (1979) showed that this polymer was also 
secreted by Alcaligenes faecalis var myxogenes and Agrobacterium. This polymer 
is known as a succinoglycan and its structure is shown in Figure 1.3. 
The position of the acyl substituents in succinoglycan is still unclear although 
studies on the succinoglycan elaborated by a strain of I?. nieliloti characterised 
the 0-acetyl groups on the C5 of some D-glucose residues (Jansson et al., 1977). 
Figure 1.3: Structure of succinoglycan elaborated by Rlzizobium meliloti YE-2. 
The positions of the acetate and succinate groups are unclear. 
4)-B-D-Glc-( 1-4)-B-D-Glc-( 1-3) -f3-D-Gal- ( 1-4)-B-D-Glc-( 1-  
B-D-G,J-(13)-B-D-Glc-(13)-B-D-Glc-( 1-6)-f3-D-Glc 
Pyruhte 
Zevenhuizen, (1989) noted that strain YE-2 did not produce the expected 
succinoglycan but a galactoglucan and a low molecular weight product which, 
upon analysis was identified as succinoglycan octasaccharide repeat units. He 
suggested that a mutation had blocked epimerisation of the repeat units and 
instead the galactoglucan was produced. Chemical analysis of the 
polysaccharide excreted from the bacterium in this study showed it to be a high 
molecular weight succinoglycan. 
ALGAL ALGINATE 
Alginate is a 13-1,4 linked unbranched polymer of B-D-mannuronic acid and its 
C-5 epimer, a-L-guluronic acid (Figure 1.4). It was first discovered in brown 
algae and since then, its occurrence in eukaryotic cells has only been linked to 
Figure 1.4: The structural composition of alginate. 
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marine brown algae (Phaeophycae) (Painter, 1983). By using microscopy and 
labelled antibody both Evans & Holligan, (1972) and Vreeland, (1970) showed 
alginate to be present in the cell wall and the intracellular matrix of brown 
algae. It can account for up to 40% of algal dry matter (Black, 1950) and its 
main function is believed to be skeletal (Painter, 1983). 
Its structure was determined following work by Nelson & Cretcher, (1930) who 
discovered the presence of D-mannuronic acid lactone as a hydrolysis product 
from Macrocystis pyrifera. The presumption that alginate was composed solely of 
mannuronic acid (M) was disproved by Fisher & Dorfel, (1955) who showed 
that hydrolysates of a range of alginates from different genera contained L-
guluronic acid (G) in addition to D-mannuronic acid. Partial hydrolysis of 
alginate samples demonstrated that the polymer was composed of 3 fractions - 
M, G and M-G blocks (Haug et al., 1966). Use of free boundary electrophoresis 
by Haug et al., (1967) on the hydrolysis products, showed alginate to be a block 
polymer containing long sequences of both M and G residues, interspersed with 
sequences of alternating M and G residues (Figure 1.5). The use of 
polyguluronate lyase (Boyd & Turvey, 1978) and 13C-n.m.r. spectroscopy 
(Grasdalen et al., 1981) showed that the M-G blocks were not strictly 
alternating, but were predominantly GGM and MMG (Figure 1.6). 
The composition and uronic acid sequence vary greatly between different types 
of alginate (Table 1.1) and each type has its own chemical properties (Haug et 
al., 1974). 
BACTERIAL ALGINATE 
The presence of alginate has also been noted in cultures of the soil bacterium 
Azotobacter vinelandii (Gorin & Spencer, 1966) and in several species of 
Pseudomonas (Linker & Jones, 1966; Govan et al., 1981). 
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Table 1.1: The variation in composition and uronic acid sequence between 
alginates from different sources (Skjak-Braek, 1988). 
Source FG FM FGG FMM FGM,MGM 
A. nodosum 0.10 0.90 0.04 0.84 0.06 
fruiting body 
A. nodosum 0.36 0.64 0.16 0.44 0.20 
old tissue 
M.pyrifera 0.39 0.61 0.16 0.38 0.23 
L. hyperborea 0.55 0.45 0.38 0.23 0.12 
leaf 
L. hyperborea 0.68 0.32 0.56 0.20 0.06 
stipe 





Cells are large and ovoid and occur singly or in pairs. They are Gram negative 
and motile by peritrichous flagella. They are obligate aerobes that fix 
atmospheric nitrogen. They form resting cells called cysts and produce alginate 
whose composition varies depending on growth conditions (Tchan & New, 
1984). 
Cohen & Johnstone, (1964) noted that hydrolysis products from several 
polysaccharides isolated from strains of A. vinelandii were composed of 
galacturonic acid, glucose, rhamnose and mannuronolactone. The presence of 
0-acetyl groups were also noted in some strains. The structure was finally 
elucidated by Gorin & Spencer, (1966) who showed that hydrolysis of the 
polysaccharide revealed only mannuronic acid and guluronic acid. Davidson et 
al., (1977) confirmed the presence of 0-acetyl groups on the mannuronic acid 
residues. By altering the concentration of Ca2+ in the growth medium, Larsen & 
Haug, (1971) showed that the ratio of M:G could be varied. Alginate production 
by A. vinelandii is a stable phenomenon. 
P.aeruginosa 
Cells are Gram negative rods, either straight or slightly curved, with one or 
more polar flagella (Palleroni, 1984). The majority of isolates both from natural 
and human sources tend to be non-mucoid (Doggett, 1969). The bacteria are 
found either in soil or water although P. aeruginosa can act as an opportunistic 
pathogen in compromised hosts. The most common example is in cystic fibrosis 
(CF) patients. Cystic fibrosis is an inherited disease causing production of 
abnormal body secretions, particularly in the lungs. Most patients become 
colonised with a non-mucoid form of the bacteria which later becomes mucoid 
due to prolonged treatment with antibiotics to eradicate other bacterial 
6;.7W Sqr ~~q  
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Figure 1.6: Arrangement of monomers within a bacterial alginate molecule 
(from Chitinis & Ohman, 1990). 
M 	MG MG MG 
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infections (Doggett et al., 1966; Govan & Harris, 1986). The change in 
phenotype is controlled by a genetic switch which activates a trans-active 
regulatory gene (Flynn & Ohman, 1988a; 1988b). Once colonisation has 
occurred, large microcolonies are formed in which cells are surrounded by a 
fibrous polysaccharide matrix (Lam et al., 1980). The matrix protects the 
bacteria from antibiotics (Govan & Fyfe, 1978) and from natural clearance 
mechanisms such as macrophages (Schwerzmann & Boring, 1971). 
A report by Linker & Jones, (1964) on the hydrolysis products of a 
polysaccharide from a strain of Pseudomonas isolated from a patient with CF 
first suggested that P. aeruginosa was capable of producing alginate. A more 
comprehensive study was carried out by Linker & Jones, (1966) using several 
Pseudomonas isolates. Results showed the polysaccharides to be composed of 
mannuronic acid and guluronic acid in varying proportions. The presence of 0-
acetyl groups was noted from infrared spectra. 
Using a polyguluronate lyase to fractionate alginate samples, Davidson et al., 
(1977) showed the 0-acetyl groups to be associated solely with the mannuronic 
acid residues for both Azotobacter and Pseudomonas alginates. 1H-n.m.r. studies 
on bacterial alginates showed that the mannuronic acid residues were acetylated 
predominantly at C-2 and to a lesser extent C-3 although diacetylated residues 
could occur (Sherbrock-Cox et al., 1984; Skjak-Braek et al., 1986). The above 
research groups also noted a lack of contiguous G residues in all samples of P. 
aeruginosa analysed. 
14 
Figure 1.7: The biosynthetic pathway of alginate from Fucus gardneri. From Lin 
& Hassid, (1966b). 
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Table 1.2: Characteristics of bacterial alginates (Skjak-Braek et al., 1989) 
Bacteria 	- 	- 	composition 	sequence 	degree of 
FG 	 FGG 	 acetylation 
A. vinelandii 0.05-0.9 0.02-0.85 0.02-0.6 
P. aeiuginosa <0.5 0 0.2-1.2 
P. putida <0.5 0 fill 
P. mendocina <0.5 0 file 
P. fluorescens <0.5 0 fill 
P. syringae <0.2 0 0.58-0.69 
1.3 ALGINATE BIOSYNTHESIS 
1.3.1 Biosynthesis in brown algae 
The pathway of alginate biosynthesis by brown algae was first studied using 
Fucus gardneri (Silva) by Lin & Hassid, (1966a; 1966b). Using radioactive 
labelling, enzyme assays and chromatography, they suggested the biosynthetic 
pathway shown in Figure 1.7. Due to the discovery of both GDP-mannuromc 
acid and GDP-guluronic acid, they proposed that epimerisation of M to G 
occurred at the monomer level. In a later study, Madgwick et al., (1973) looked 
at alginate synthesized by Pelvetia canaliculata. They were able to extract a C5-
epimerase which converted mannuronic acid to guluronic acid once the 
polysaccharide assembly had occurred, suggesting M to G conversion occurred 
at the polymer level. 
1.3.2 Biosynthesis in bacteria 
The most comprehensive study on the biosynthesis pathway of alginate in 
bacteria was carried out by Pindar & Bucke, (1975) using a strain of A. 
vinelandii. The pathway seemed to differ very little from that of the algal 
Figure 1.8: The biosynthetic pathway of alginate from A. vinelandiL From 
Pindar & Bucke, (1975). 
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alginate pathway. Previously, Larsen & Haug, (1971) had looked at growth 
conditions of A. vinelandii, in particular the Ca2+ concentration in the medium 
and came to the conclusion that the alginate composition could be controlled by 
the Ca2+ concentration. A change in the M:G ratio was also noted when Ca2+ 
was added to cell-free supernatants and samples of algal alginate (Haug & 
Larsen, 1971) suggesting the presence of an enzyme epimerising M residues to 
G residues. The enzyme produces both G blocks and alternating sequences. The 
epimerisation of M residues to G residues can only proceed if the M residues 
are not acetylated (Davidson et al., 1977) suggesting that one of the roles of 0-
acetyl groups is to control the composition of the polysaccharide. 
The biosynthetic pathway for A. vinelandii alginate determined by Pindar & 
Bucke, (1975) is shown in Figure 1.8. Very little attention has been given to the 
biosynthesis of alginate from P. aeruginosa. Piggott et al., (1981) showed that the 
mucoid form of the bacterium had several biosynthetic enzymes in common 
with those from A. vinelandii and that non-mucoid variants seemed to lack these 
particular enzymes. 
1.4 FUNCTIONS OF ALGINATE 
1.4.1 Algae 
The main role of alginate is to control the strength and flexibility of the plant. 
These properties depend on the uronic acid composition and sequence of the 
polymer (Haug et al., 1974). Laminaria hyperborea, for example, lives in exposed 
costal areas and needs a stipe and holdfast with some degree of rigidity and 
strength. Alginate in this region of the plant has a high proportion of G 
residues. The blades must be flexible and flow with the water and a lower 
amount of G fulfils these necessities (Skjak-Braek, 1988). 
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1.4.2 Bacteria 
The role played by alginate in bacteria is not clear. Eklund et al., (1966) 
demonstrated the need for A. vinelandii to produce alginate for encystment to 
occur. A good review of the encystment process has been published by Sadoff, 
(1975). Cysts are metabolically dormant cells which are resistant to desication 
and mechanical stress but unlike the spores formed by Bacilli they are not heat 
resistant. They contain a central body surrounded by an intine and an exine 
which are composed of 72% and 40% uronic acid respectively. The exine is rich 
in G residues whereas the intine is rich in M residues. The exine is thought to 
confer rigidity and resistance to the cyst whereas the intine is thought to be the 
substrate for cyst outgrowth (Lin et al., 1978). 
There seems to be no single clearly defined function for alginate in vegetative 
cells but it appears to play a role (as is the case with other polysaccharides) in 
protection. Den Dooren de Jong, (1971) suggested that alginate protected A. 
vinelandii and A. chroococcum from heavy metals whereas Postgate, (1974) 
suggested that in A. vinelandii, alginate acted as a diffusion barrier to 02  to 
protect the 02  sensitive nitrogenase enzyme. P. aeruginosa is naturally non-
mucoid suggesting that the presence of alginate confers no selective advantage 
on the organism. It is only in the C.F. lung that the production of alginate is 
switched on, where it is thought to have a multifactorial role (Govan & Harris, 
1986). Strains isolated from natural sources do contain the genes for expressing 
alginate production, (Fyfe & Govan,1980) suggesting that at some time alginate 
must have been important to the survival of P. aeruginosa (Jarman, 1979). 
1.5 METAL BINDING TO LIGANDS 
Binding of metals to biological ligands is not a simple electrostatic process, but 
depends on the ionic radius of cation, electronegativity, preferred coordination 
number and geometry, sterical factors of ligand, heat of hydration, size and 
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arrangement of hydration shell (Beveridge & Murray, 1976). 
Hughes & Poole, (1991) suggested that the capacity for an ion to bind to a 
ligand depends on its polarising power, i.e. its charge : radius ratio. A cation 
with a large polarising power has a high density of positive charge and thus a 
large capacity to interact with a ligand. When ionic radii are compared, cations 
such as Na+ and K+ have weak polarising powers in comparison to Mg2+ and 
Ca2+ (in general Mg2+ binds to ligands more strongly than Ca2+) which are 
weak in comparison to the transition metals. The charge on a cation is also 
important when considering ligand binding. Na+ and Ca2+ have similar ionic 
radii but the different charge causes Ca2+ to have a stronger binding capacity. 
Metals can be classed as hard or soft acids. Most essential cations are classed as 
hard or borderline and are usually small, have a high charge and are not easily 
polarised. Toxic metals, on the other hand, are usually soft and have stronger 
polarising powers than essential metals. Cu2+ is the strongest acid. 
Table 13: Classification of hard and soft acids (Pearson, 1963). 
Acids Bases 
Hard 	border 	soft hard 	soft 
Na+ 	Fe2+ 	Cu+ H20 	CN- 
K+ 	 CO2+ 	Pb2+ ROH 	RSH 
Rb+ 	Ni2+ Cd2+ -COO2- 	RS 
Mg2+ 	Cu2+ Hg2+ NH3 	S2032- 
Ca2+ 	Zn2+ Ti+ RNH2 
Mn2+ Ag+ S042- 






Hard acids usually bind hard bases and vice versa. If both soft and hard ions are 
present, soft ions often displace hard, essential ions from their binding site. 
Table 1.4: Preferences of metals for ligands (Hughes & Poole, 1991) 
0 	 0/N/S 	 N/S 
Na,A1 	 V,Pb Co, Hg 
Y, Fe 	 Cr,Ga 	 Ni,Cu 
Mg, Ca 	 Mn, Ti 	 Zn 
Fe, Cd 
Mo, Pb 
In solution, metal ions are always hydrated. When binding occurs, a 
displacement and re-ordering of water molecules occurs. The number of water 
molecules displaced depends on the charge of the ion and size of the ligand 
group. Metal ions also have to compete with protons for ligand sites and bind 
less efficiently as the pH falls and the H+ concentration increases. 
1.6 ION BINDING TO ALGINATES 
Alginates are anionic polymers and thus have a capacity to bind cations. The ion 
binding properties of alginates have received considerable attention since Haug, 
(1959b) noted that an alginate fraction rich in G residues had a higher 
selectivity for Ca2+ over Na+ in comparison to the fraction rich in M residues. 
Following work on the affinity of alginate for divalent cations, Haug, (1961) 
came to the conclusion that selectivity depended on the ratio of mannuronic 
acid to guluronic acid residues. Both Haug & Smidsrod, (1965) and Haug & 
Smidsrod, (1967) examined ion binding in some detail and found that the 
selectivity of Sr2+ > Ca2+ > Mg2+ and this selectivity increased with increasing 
Figure 1.9: Selectivity coefficients KKCa of alginates with varying mannuronic 
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residues. A difference between divalent and monovalent cation uptake was also 
noted by Smidsrod & Haug, (1965) and Kohn et al., (1968). Both results showed 
a significant selectivity for divalent over monovalent cations, which as with the 
case of divalent cations, increased on increasing content of G residues. The 
selectivity coefficients determined by Kohn and his workers are given in Table 
1.5. 
Table 1.5: Selectivity coefficients found for the Ca2+ - K+ exchange experiments 
for a range of alginates. 
KKCa 
polymannuronate 	 5.8 
poly M-G (M> G) 	 15.1 
poly M-G (M < G) 	 37.3 
polyguluronate 	 57.0 
By plotting of KKCa against % mannuronic acid, Kohn and his research group 
found a very clear the relationship between the ratio of M:G and selectivity 
between divalent and monovalent cations (Figure 1.9). Kohn also noted that as 
monomers, both M and G residues showed no real selectivity. 
Smidsrod & Haug, (1972) examined the effect the physical state of the alginate 
(i.e. sol or gel) had on ion binding. A significant difference in coefficients was 
found for the Ca2+ - Mg2+ exchange reaction. For the sol state values of KMgCa 
around 7 were found, in comparison to about 40 for the gel state. They also 
showed that coefficients for the gel state varied as a function of the equivalent 
fraction of Ca2+ (X) bound to the alginate. They suggested that the difference 
between the sol and gel was due to the lack of bridge formation between 
molecules in solution although it can now be explained by the lack of 
cooperative binding. Even though the sol state seemed incapable of cooperative 
Mo 










Figure 1.10: Selectivity coefficients K MOCa of alginate fragments as a function of 
the fraction of calcium bound to the pd'Iymer (X) (Smidsrod et al., 1972). 
Curve 1: 90% guluronic acid 
Curve 2: alternating fragment -38% guluronic acid 
Curve 3:90% mannuronic acid 
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binding it is interesting to note that a difference in selectivity was still seen 
between the two cations. 
Smidsrod et al., (1972) calculated the selectivity coefficients from the Ca2+ - 
Mg2+ exchange reaction using a range of alginate fractions. He showed the 
difference in selectivity between the different fractions very clearly. Even at low 
values of X, a significant difference was noted between poly G, poly M and 
poly M-G. The curve produced by polyguluronate clearly shows the effect of 
cooperative binding of selectivity coefficients (Figure 1.10). 
The work by Kohn & Larsen, (1972) also suggested the possibility of 
cooperative binding. By looking at Ca2+ uptake by solutions of calcium oligo-
and poly mannuronates and guluronates, increasing degrees of polymerisation 
produced a pronounced increase in uptake when the calcium guluronate 
exceeded 20 residues in length. No such increase was seen with calcium 
mannuronate. Although not clear at this time, the results could be explained in 
terms of the critical chain length required for cooperative binding to occur 
beween Ca2+ and polyguluronate (Figure 1.11). 
Considering the quantity of experimental work that had been carried out on 
cation binding by alginates by the late 1960s, little concrete evidence existed to 
explain the mechanism of ion binding and the differences observed. Once the 3-
D structure of the polyuronates had been determined, the mechanism of 
cooperative binding followed closely behind. Having succeeded in getting clear 
X-ray diffraction photographs, Atkins et al., (1970) showed that mannuronic 
acid existed in the Cl form and was B-linked whereas guluronic acid existed in 
the 1C form and was a-linked. Atkins et al., (1973a; 1973b) expanded this work 
to show that polymannuronate existed as a sheet-like structure, whereas 
polyguluronate adopted a more buckled conformation with coordination sites 
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Figure 1.11: Activity coefficients of Ca2+ in solutions of calcium oligo- and 
polymannuroflateS and calcium oligo- and polyguluronates as a function of the 
degree of polymerisation (from Kohn & Larsen, 1972). 
Degree of polymerisation 
Curve 1: calcium oligo- and polymannurOflates 
Curve 2: calcium oligo- and polyguluroflateS 
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Using the above knowledge about the structure of polyuronates and with the 
help of computer modelling, Grant et al., (1973) proposed the "egg-box model" 
to explain the differences in ion binding. They suggested that polyguluronate 
formed a structure composed of "nest" likes sites into which cations can bind. 
The size of the site is such that the larger the cation, the stronger the binding. 
Polymannuronate exists as a shallow sheet-like structure capable of weaker ion 
binding. They suggested that cooperative binding occurred due to binding of 
Ca2+ to adjacent polyguluronate chains at so called junction zones which lead to 
the formation of layers of calcium polyguluronate. Only the G residues take part 
in gel formation. The M residues of the alginate act as kinks in the chain and 
form soluble stretches in the chain (Figure 1.12 and Figure 1.13). 
The use of circular dichroism (c.d.) proved very useful in studying the 
underlying effects of gelation. The c.d. changes on gelation of the polyuronates 
are due to perturbation of carboxyl n electrons by the binding of cations. There 
is a large decrease in the amplitude of the n - ir band. With the help of c.d., 
Morris et al., (1978) suggested the process of dimerisation. By looking at the 
stoichiometric amount of Ca2+ bound, they showed that the initial and principal 
process of gelation involved the chelation of two chains of polyguluronate to 
form a dimer and they proposed that the next step in gelation involved the 
binding of additional Ca2+ to the dimer to form a "half egg-box", rather than 
aggregation of another dimer. 
Thom et al., (1982) used circular dichroism to study binding of a range of 
cations. When the binding of Ca2+ and Sr2+ was compared, the greatest changes 
in c.d. behaviour were seen with Sr2+, suggesting that Sr2+ is better at inducing 
aggregation. Small changes were seen with Mg2 +, suggesting limited "egg-box" 
formation, while the binding of Cu2+ induced very different c.d. changes, 
suggesting a different and less specific binding mechanism. Seale et al., (1982) 
Figure 1.12: The "egg-box" model for ion binding to alginates. 
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Ca 2+ 
/\/\/\/\ represents guluronate blocks 
• represents Ca2 + 
Figure 1.13: Binding of Ca2 to adjacent guluronic acid residues (Skjak-Braek, 
1988). 
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examined the binding of monovalent cations by circular dichroism. The addition 
of Na+ to polyguluronate showed similar perturbations to those seen with 
divalent cations, except the perturbations were smaller in intensity. The c.d. 
changes were different with K+ and Li+. The changes were mainly in the7c- 1r 
region, suggesting simple electrostatic interactions. When polyguluronate 
sequences were used, the c.d. enhancement with K+ increased linearly with poly 
G content. Seale and his workers suggested that perhaps K+ was involved in 
"specific" binding to polyguluronate sequences rather than simple electrostatic 
binding. 
To explain differences in ion binding between different monovalent and 
divalent cations Rees, (1975) proposed three different binding mechanisms: 
W'C 
Statistical binding, in v4th two opposite charges attract each other. 
Specific binding, in which the size and shape of binding favours binding of 
some ions in preference to others. 
Cooperative binding, in which the binding of one ion induces the binding of 
further ions, leading to a cooperative process. 
1.7 THE INFLUENCE OF ACETYL GROUPS ON THE FUNCTIONAL 
PROPERTIES OF ALGINATES 
0-acetyl groups are found in all bacterial alginates to varying degrees (Table 
1.6). 
Table 1.6: Characteristics of acetylated alginates (Skjak-Braek et al., 1989) 
Bacteria FG FM FOG C-2 C-3 2,3Ac 
d.a d.a. d.a. 
A. vinelandii 0.67 0.33 0.54 0.13 0.08 0.03 
A. vinelandii 0.05 0.95 - 0.3 0.22 0.11 
P. aeruginosa 0 1.0 0 0.34 0.23 0.11 
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Skjak-Braek et al, (1985) noted that acetyl groups effectively protected M 
residues from the action of C-5 epimerase which converts M residues to G 
residues. Acetylation of M residues occurs intracellularly whereas epimerisation 
is extracellular. Acetylation thus provides the cell with a means of controlling 
the composition of the extracellular polymer and thus the physical 
characteristics of the alginate. A highly acetylated alginate will have a 
correspondingly high proportion of M residues and thus forms a flexible soft gel. 
Low acetylation leads to a hard, brittle gel. 
The effect of acetyl groups on alginate gelation was first noted by Schweiger, 
(1962) in his attempt to clarify the mechanisms of induced alginate gelation by 
divalent cations. He noted that chemically acetylated alginate lost the capacity 
to gel with cations and suggested that gelation involved two carboxyl groups 
from adjacent uronic acid residues and two hydroxyl groups from residues in 
another chain. Cozzi et al., (1969) also used acetylated alginate to determine 
whether binding was purely electrostatic or whether other components were 
involved. Results suggesting the involvement of hydroxyl groups in ion binding 
confirmed those found by Schweiger but Cozzi and his co-workers also 
suggested that the decrease in selectivity caused by the acetylation was perhaps 
caused not by acetyl binding direct to the hydroxyl groups but by steric 
hindrance at the carboxyl - ion bond. 
Haug & Smidsrod, (1970) examined the selectivity of a chemically acetylated 
alginate for several divalent cations. Selectivity between ions was completely 
destroyed by the acetylation. They suggested that hydroxyl groups, in addition to 
carboxyl groups must be involved in binding. They did not rule out, however, the 
possibility that the loss of selectivity was due to sterical hindrance. 
Skjak-Braek et al., (1988a) chemically acetylated a sample of alginate from L. 
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hyperborea to examine the effects of acetylation on the behavioural properties of 
alginate. On examination of c.d. spectra in the presence of Ca2+ before and 
after acetylation, they showed that on increasing the acetyl content, a 
corresponding decrease in perturbation was observed, suggesting inhibition of 
cooperative binding. It was also shown that the modulus of rigidity of the gels 
formed on addition of Ca2+ decreased with increasing acetylation. From these 
results Skjak-Braek proposed that M residues must be free of acetyl groups to 
allow cross-linking between chains to occur. The presence of the acetyl groups 
also increased the water binding and reswelling capacity of calcium alginate 
after dehydration. Skjak-Break et al., (1989) used these results to suggest roles 
for 0-acetyl groups in bacterial alginates. 
As previously suggested, acetyl groups can control the amount of G residues 
and thus the gelling properties of the polymer. 
Acetyl groups also influence the mechanical properties of the gel and the 
water binding and swelling capacities. This may be important in the reswelling 
of cysts produced by A. vinelandii on germination. 
The groups can protect the polymer from degradation by alginate lyases 
(Skjak-Break et al., 1988a) which are produced by several bacteria, such as A. 
vinelandii and several strains of Pseudomonas (Linhardt et al., 1986). 
The ability to adhere to surfaces seems to depend on the amount of 
hydrophobic substituents carried by the polysaccharide (Sandford & Baird, 
1983). Acetyl groups may thus be involved in the attachment process by 
increasing the hydrophobicity of the polymer. 
Acetylation also affects the gelation and physical properties of other 
polysaccharides. An example of this can be seen with two polymers used in this 
study - XM6 and A3(sl). The only structural difference is the presence of an 0-
acetyl group on alternate repeat units of the A3(sl) polysaccharide. The 
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presence of this acetyl group inhibits molecular aggregation and thus the 
gelation of the polysaccharide. Another example can be found with gellan gum. 
This polysaccharide is secreted by Pseudomonas elodea and has a tetrasaaride 
repeat unit (Jansson et al., 1983). The polysaccharide contains one acetyl group 
per repeat unit and under gelling conditions soft elastic gels are formed. 
Deacetylation causes the formation of brittle gels (Moorhouse et al., 1981). The 
acetyl group again affects helical aggregation. 
1.8 POLYMERS WITH SIMILAR BEHAVIOUR TO ALGINATE 
Pectin has very similar structural and chemical properties to alginate. Pectin 
and pectic substances are major constituents of the cell walls of many higher 
plants (Stephen, 1983). The polymer backbone is composed of a linear 1,4-
linked a-D-galacturonic acid (Powell et al., 1982) interrupted occasionally by 
1,2-linked L-rhamnose (Rees & Wright, 1971). The galacturonic acid residues 
are stereochemically very similar to the guluronic acid residues in alginate - they 
are mirror images except in the configuration at C(3). Branching can occur, and 
the substituents of the branches are usually neutral sugars such as D-galactose 
and L-arabinose. The carboxyl groups of the galacturonic acid can be esterified 
by methanol. These units make no electrostatic contribution to ion binding 
although esterified residues can be incorporated into junction zones without 
causing termination of these zones (Powell et al., 1982). The rhamnose residues 
act as kinks in the gel network formation and induce the formation of soluble 
portions of the molecule analogous to mannuronic acid residues in alginate 
(Rees & Wright, 1971). 
The ion exchange properties of pectin depend upon the degree of esterification 
of the carboxyl groups (Kohn & Furda, 1967). The presence of Ca2+ induces gel 
formation and the binding affinity is comparable to that of polyguluronate 
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(Kohn et al., 1968). When calcium ion activities in solutions of galacturonate 
oligomers were observed a sharp decrease was noted above 15 residues (Kohn, 
1975). The same results were noted for guluronate oligomers (Kohn & Larsen, 
1972). The decrease could be explained as the critical chain length required to 
initiate cooperative binding. 
Results from c.d. again proved to be very useful in determining the mechanisms 
of gel formation (Morris et al., 1982). The c.d. changes for polygalacturonate 
and polyguluronate were almost exactly equal but opposite in sign, suggesting 
that the process of cooperative binding also occurs in polygalacturonate. Morris 
and his colleagues also showed that 50 % of the stoichiometric requirement for 
bound Ca2+ was resistant to displacement by monovalent cations, suggesting 
that the primary mechanism of association was by dimerisation, closely 
analogous to the results found for guluronic acid (Morris et al., 1978). 
1.9 METAL BINDING TO OTHER POLYSACCHARIDES 
The complexes formed by metals and polysaccharides play an important role in 
controlling the toxic metal concentrations in water (Hseih et al., 1985) and so 
the study of metal binding by polysaccharides has rapidly increased in the last 
few years (Table 1.7). 
Cations form bonds with electron donating groups in order to fill their outer 
shell. The most effective electron donor in polysaccharides is the carboxyl 
group. Oxygen atoms associated with hydroxyl groups can also act as weak 
electron donors. The binding of metals to polysaccharides also depends on the 
linear charge density of the polymer. The affinity of the polysaccharide for the 
cation increases with increasing charge density (Mathews, 1960). In general, 
carboxyl groups bind preferentially to large cations. Polysaccharides, for 
example, have a higher affinity for transition metals than alkaline earth metals, 
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Table 1.7: Previous studies on metal uptake by bacterial polysaccharides. 
Organism/ECP 	Ion 	 Reference 
K aerogenes Cd, Ni, Mn, Co Brown & Lester, (1982) 
K aerogenes Cu, Cd, Co, Ni Rudd et al., (1984a) 
P. putida Cd Scott et al., (1986) 
A. viscosus Cd Scott & Palmer, (1988) 
marine bacteria Zn, Pb, Cu, Co, Corpe, (1975) 
Ca, Mg, Ni 
Z rwnigera Cr, Cd Sag & Kutsal, (1989) 
Cd, Zn, Mn, Pb, Kuhn & Pfister, (1989) 
Sr, Cu 
Co, Cu, Fe, Friedman & Dugan, (1968a) 
Ni, Zn 
Cu, Cd, U Norberg & Persson, (1984) 
Bacillus licheniformis A1,Cr,Mn,FeZn McLean et a!, (1990) 
Cu, Na, Mg, Ca 
bioflim bacteria Cu Geesey et al., (1988) 
biofilm bacteria Cu Mittleman & Geesey, (1985) 
K aerogenes Cu, Cd Bitton & Freihofer, (1978) 
sludge bacteria Cu, Cd, Ni, Co Rudd et al., (1984b) 
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although the affinity of Mg2+ seems to fluctuate. 
Cation binding also depends on external conditions such as temperature, pH 
and competing cations. Mittleman & Geesey, (1985) examined the uptake of 
Cu2+ by a polysaccharide extracted from a freshwater bacterium and found that 
binding of Cu2+ caused a corresponding increase in H+ in solution. This 
increase caused a fall in pH and a subsequent fall in Cu2+ binding due to 
increased competition between the two cations. 
McLean et al., (1985) showed that the capsular polysaccharide from B. 
licheniformis removed similar amounts of Ca2+ and Mg2+ and showed a high 
uptake capacity for Cu 2 +, A13+, Cr3+ and Fe3+. When Corpe, (1975) examined 
the effect of toxic metals on the growth of marine bacteria, he found that there 
was a selectivity of Mg2+ and Cu2+ over Ca2+, Zn2+, Pb2+, CO2+, Ni2+. Brown & 
Lester, (1982) showed that the concentration of free ions was important and 
that ion uptake increased with increasing free ion concentration. 
Bitton & Freihofer, (1978) were the first to demonstrate the protective effects 
of the polysaccharide against toxic metals. By examining the survival capacity of 
a capsulated and a non-capsulated strain of K aerogenes, they showed that the 
polymer played a protective role. They also showed that addition of 
polysaccharide to a suspension of non-capsulated cells increased the survival 
capacity of the bacteria against Cu2+ and Cd2+. Rudd et al., (1984a) compared 
metal removal by mucoid and non-mucoid strains of K aerogenes and found a 
significantly higher uptake of ions (except for Ni2+) by the mucoid form of the 
bacterium. Removal of the polysaccharide decreased the capacity for the cells 
to remove the ions. 
In the past few years, research has concentrated on the bacterium Zoogloea 
ramigera and on the polysaccharide it produces. Freidman & Dugan, (1968a) 
compared uptake by a capsulate and a non-capsulate strain of Zoogloea 
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ramigera and found that the mucoid strain of Z. ramigera removed more than 
twice the amount of CO2+, 0.12+, Fe3+ and Ni2+ than the non mucoid strain. The 
uptake of Fe2+ > Cu2 + > CO2+ > Ni2+. The binding seemed to be non specific 
and they suggested that structures other than the polysaccharide were 
responsible for removing the cations. When Brown & Lester, (1979) examined 
ion uptake by the bacterium they proposed that the hydroxyl groups of the 
glucose molecules were the main components involved in ion binding, and that 
the carboxyl groups from the pyruvate were not as important. 
1.10 ROLES FOR CATIONS IN A BACTERIAL CELL 
A number of cations are essential to the growth and survival of the bacterial 
cell. K+ and Mg2+ are maintained at relatively high concentrations inside the 
cell where potassium has roles in catabolic and anabolic enzyme activation 
(Suelter, 1970), regulation of intracellular pH and maintenance of osmotic 
pressure (Walderhaug et al., 1987). It is also directly involved in oxidative 
phosphorylation (Gomez-Puyou et al., 1972). Mg2+ is involved in maintaining 
the structural integrity and functional capacity of the ribosomes and for 
activating the terminal phosphate of ATP to cause hydrolysis to ADP (Adachi & 
Sells, 1979). Other ions such as Fe3+, Zn2+, Mn2+, CO2 +, Cu2+ and M02+ are also 
essential. Most Na+ and Ca2+ are actively excluded from the cell, with Ca2+ 
exclusion being necessary to avoid precipitation of various calcium salts. 
The role of a cation in a cell depends on its size, charge, rate of ligand exchange 
and redox potential. Most catalysts involved in redox reactions are linked to a 
transition metal which accepts electrons from ligands. Zinc is not redox active, 
whereas copper can exist in several redox forms and thus act in redox reactions. 
The occurrence of copper in the bacterial protein, azurin, has been studied in 
some detail over the past few years (Adman et al., 1978; Martinkus et al., 1980). 
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It has been isolated mainly from strains of Pseudomonas, is involved in electron 
transfer and contains a copper centre which cycles between Cu+ and Cu2+. 
Cations also play a role in stabilising proteins, nucleotides and cell wall 
structures. Both K+ and Mg2+ play major roles in the stabilisation and 
functioning of ribosomes. Divalent cations play a structural role in the plasma 
membrane (Fiil & Branton, 1969) and are integral components in the Gram 
negative cell wall (Ferris & Beveridge, 1986). 
Although certain cations are excluded from the cell, they can perform limited 
functions in the cell. Calcium is accumulated in large amounts during Bacillus 
sporulation (Hogarth & Ellar, 1978). It is present in the spore as a dipicolinate 
salt. Na+, also excluded from the cell, plays an important role in the co-
transport of solutes into the cell. An Na+/H+ antiport system has been found in 
E. coli (Borbolla & Rosen, 1984) and an ATP driven Na extruding/K 
accumulating pump has been noted in S. faecalis (Kakinuma & Harold, 1985). 
Na+ also plays a role in the transport of nutrients such as glutamate into the E. 
coli cell (Tsuchiya et al, 1977). 
Nickel is an essential element in several microbiological processes (Hausinger, 
1987). Most of the nickel-requiring enzymes are involved in gas metabolism and 
include hydrogenases, ureases and dehydrogenases. 
Virtually all organisms have an essential requirement for iron. It is involved in 
many redox reactions catalysed by haem proteins such as cytochromes. 
Cobalt is often required for the growth of organisms and is an important 
component in Vitamin B 12. 
Although zinc is not redox active it does play a role in metalloerizymes, in 
enzyme binding sites and in DNA and RNA polymerases. It is involved in over 
200 enzymes in addition to nucleic acid metabolism and cell division. A good 
review of the roles of zinc in enzymes has been published by Sigel, (1983). 
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1.11 UPTAKE OF ESSENTIAL METALS INTO THE CELL 
Essential nutrients can enter a cell either by passive diffusion or active 
transport. Uptake of cations involves active transport against a concentration 
gradient with the expenditure of metabolic energy. A protomotive force can also 
be used in the uptake of cations. A K+ uptake mechanism has been found in E. 
coli which is powered by a protomotive force and ATP (Rhoads & Epstein, 
1977). Some uptake mechanisms are not specific for the one cation. The 
magnesium transport system in E. coli can also accumulate Mn2+, Ni2+ and CO2+ 
(Silver & Clark, 1971; Nelson & Kennedy, 1971). 
Calcium and sodium are actively excluded from the cell, although Na+ does act 
as both a symporter and antiporter for the uptake of nutrients (Rosen, 1986). A 
good review of cation uptake has been written by Rosen, (1986). 
1.12 TOXIC EFFECTS OF METALS ON BACTERIA 
Toxic metals are usually present in the environment in very low concentrations 
and cause toxic effects by binding irreversibly to essential biological components 
in the cell. Examples of such metals are cadmium, mercury, lead, tin, arsenic 
and silver (Trevors, 1987). Toxicity is usually a characteristic of a soft metal but 
over a small concentration range essential metals can change from being 
essential to highly toxic. 
Metals can cause toxic effects by: 
Displacing native metals from their binding site 
Binding to proteins and nucleic acids and inducing a change in conformation 
and alteration in hydrogen bonding (Eichhorn, 1981). 
Affecting oxidative phosphorylation (Gibson et al., 1980). 
Affecting membrane permeability. 
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Cobalt has an essential biological role but at high concentrations becomes toxic. 
It irreversibly binds to ribosomes and displaces Mg2+ from their binding sites 
(Jasper & Silver, 1977). When Blundell & Wild, (1969a) studied the toxic effects 
of various toxic metals on E. coil, they found that excess CO2+ induced an 
excess of RNA production whereas U2 +, Zn2+, Cu2 + Hg2+ and Ni2+ produced a 
greater inhibition of RNA synthesis than protein synthesis. 
Zinc interacts with sulphydryl groups on proteins and is a potent inhibitor of the 
electron transport system (Singh & Bragg, 1974; Kleiner, 1978). 
The toxic effects of nickel were examined by Cobet et al., (1970). They found 
that on addition of nickel to Arthrobacter marinus sp. nov., the lag phase of 
growth increased, the maximum growth levels decreased and the cell increased 
in length due to continued cell growth but inhibition of division. 
The effects of copper toxicity have been studied by Zevenhuizen et al., (1979). 
They found that the ion caused cell wall damage, lysis and diminished division 
rates inKlebsiella and Pseudomonas. Cu2 + also affects the respiratory chain of E. 
coli at low concentrations. (Domek et al., 1984). 
An interesting toxic effect was noted by Casella et al., (1988) on addition of 
heavy metals to nitrogen fixing organisms. They noted that a strain of K 
leguminosarum biovar trzfolii which lacked its megaplasmid (thus unable to 
nodulate) showed resistant properties to cadmium, chromium and copper. The 
group suggested that there was an ecological choice between nodulation and ion 
sensitivity or the free-living resistant state. 
1.13 BACTERIAL RESISTANCE TO TOXIC METALS 
Toxic metals may be removed from the environment surrounding a bacterial 
cell by various mechanisms: 
1) Metals may bind to the cell surface/cell wall. (Beveridge & Murray, 1976) 
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They may be translocated into the cell by active transport, then converted 
into a safer form by compartmentalisation. Macaside et al., (1987) found 
insoluble deposits of CdHPO 4 when a strain of Citrobacter was placed into a 
buffer containing Cd2+ and uranium has been found to accumulate 
intracellularly in P. aeruginosa (Strandberg et al., 1981). 
Precipitation by extracellular polysaccharides. Bitton & Freihofer, (1978) 
demonstrated the survival advantage a polysaccharide producer had over a non-
mucoid variant. 
Metals can be made less toxic by volatilization, for example methylation of 
mercury. 
Resistance can also be due to some metals such as lead, mercury, copper, 
cobalt, zinc, cadmium (Foster, 1977; 4ra, 1971) and manganese being actively 
excluded from certain bacterial cells, and also by tolerance, whereby if an 
organism is subjected to high concentrations of toxic metals for any length of 
time, tolerance develops. Dean-Ross, (1990) showed that organisms in artificial 
streams could develop tolerance to increased levels of Zn. 
Bacterial resistance can be controlled by chromosomal genes or genes found on 
transferable plasmids. The genes found on plasmids are usually linked with 
antibiotic resistance. Nakahara et al., (1977) examined clinical isolates of P. 
aeruginosa for metal resistance genes. They found that most resistant isolates 
showed multiple metal resistance and also antibiotic resistance. 
Duxbury & Bicknell, (1983) showed that in the soil habitat, Gram negative 
bacteria were more tolerant to toxic metals than Gram positive bacteria. This 
effect was also noted in aquatic organisms by Austin et al., (1977) who examined 
bacteria isolated from a polluted estuary. This phenomenon may be due to the 
higher capacity for Gram negative bacteria to take up resistance plasmids or 
perhaps due to the structure of the cell walls. Duxbury & Bicknell also 
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demonstrated resistance to Cd, Cu, Hg, Ni, Zn and Co. 
CO2+ is taken up by the Mg2+ transport system in E. coli. Once in the cell, it 
binds irreversibly to ribosomes in place of Mg2+. Resistance to this ion occurs by 
alteration of the Mg2+ uptake (Jasper & Silver, 1977). 
Naturally occuring copper-resistant organisms are often found due to the 
abundance of copper in the environment. Few concrete facts are known about 
the resistance mechanisms. Lutkenhaus, (1977) found some strains of E. coli 
that could exclude Cu2+. This was due to the absence of a 36.5 kDal outer 
membrane protein which may be involved in its transport. Bender & Cooksey, 
(1986) and Cooksey, (1987) found and characterised a copper resistance 
plasmid from a strain of P. syringae, a tomato pathogen. Transfer of the plasmid 
to other strains resulted in sustained growth in an 18 to 26 fold increase in 
copper concentration (Bender & Cooksey, 1986). Mellano & Cooksey, (1988b) 
found a copper resistance gene cluster composed of 4 open reading frames that 
were possible genes. Deletions in open reading A or B induced sensitivity to 
Cu2+ whereas C and D were required for full resistance, but low level resistance 
occurred in their absence (Mellano & Cooksey, 1988a). 
Another Cu resistance plasmid (78-MDa1, pRJ 1004) was found in E. coli (Tetaz 
& Luke, 1983) isolated from animal effluent. Transconjugants containing this 
plasmid were capable of tolerating 20 mM Cu, compared to 4 mM for control 
strains. Nies et al., (1987) isolated a plasmid responsible for multiple heavy 
metal resistance from a strain of Alcaligenes. It conferred resistance to 
cadmium, zinc and cobalt and could be transferred to other Alcaligenes strains. 
Other multiple metal resistances can be found in the Enterobacteriaceae. They 
may carry plasmids containing a range of resistance (R) factors mediating 
resistance to various toxic metals. Smith, (1967) found multiple resistance to 
mercury, nickel and cobalt in clinical isolates of E. coil and Salmonella. R 
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factors usually mediate resistance to several antimicrobial agents. 
1.14 AIMS OF THIS STUDY 
The aims of this study were to examine and compare the capacity of a range of 
bacterial and algal polysaccharides to remove monovalent and divalent cations 
from solution and after analysing the structural composition of the polymers, to 
examine the effects of ion uptake after polymer modification. The effects of 
various metals on the growth of bacteria were also examined, with the bacteria 
growing in both a liquid and solid medium. The aim of this work was to see if 
extracellular polysaccharides had any protective effects on the bacteria and 
would permit growth in higher concentrations of toxic metals. After optimum 
growth in the metal solutions were determined, another aim of the project was 
to look for bacterial tolerance in the metal solutions and to determine the 
highest concentration of metals that the tolerant organisms would grow in. 
CHAPTER TWO 
MATERIALS AND METHODS 
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2.1 CHEMICALS 
All chemicals were supplied from BDH Chemical Company, Poole, England 
and Sigma Chemical Company, USA unless otherwise stated and were of the 
highest available quality. 
2.2 BACTERIAL STRAINS 
The organisms used in this study are listed in Table 2.1. 
2.3 ALGINATES 
Sodium alginate from Laminaria hyperborea was obtained from BDH Chemical 
Co., Poole, England. High and low viscosity forms of sodium alginate from 
Macrocystis pyrifera were obtained from Sigma Chemical Co. USA. Alginate 
from Azotobacter vinelandii preparation 73 was donated by Dr T. Jarman, Tate 
& Lyle, Reading, England. 
2.4 MEDIA 
For the production of polysaccharides all organisms except the two Azotobacter 
vinelandii strains and Rhizobium meliloti were grown in Yeast extract medium 
(Table 2.2). For growth and metal resistance experiments the same bacteria 
were grown in Davis & Mingioli medium which is a defined medium (Table 
2.3). 
The two A. vinelandii strains were grown in Burk's nitrogen free medium (Table 
2.4) and K meliloti was grown in a mannitol-salt solution medium (Table 2.5). 
Solid media (except for the medium for R. meliloti) were prepared by adding 
agar to the appropriate liquid media. The composition of the solid medium for 
K meliloti is given in Table 2.6. 
All cultures were preserved by lyophilization and were maintained on agar 
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Table 2.1: Organisms used in this study 
Organism Source 
Azotobacter vinelandii Professor W. Page, 
strain 206 University of Alberta, Canada. 
Azotobacter vinelandii Professor 0. Wyss, 
strain "UW' University of Texas, USA. 
Enterobacter NCIB 11870 Professor I. W. Sutherland, 
ICMB, University of Edinburgh. 
Kiebsiella aerogenes Professor I. W. Sutherland, 
type 54 strain A3(sl) ICMB, University of Edinburgh. 
Kiebsiella aerogenes Professor I. W. Sutherland, 
type 8 strain A4 ICMB, University of Edinburgh. 
Pseudomonas aeruginosa Dr A. Linker, 
strain B University of Utah, Salt Lake City, 
Utah. 
PseudomonaN aeruginosa Professor I. W. Sutherland, 
strain B (non mucoid) ICMB, University of Edinburgh. 
Rhizobium meliloti Professor L. Zevenhuizen, 
strain YE2 University of Agriculture, 
Wageningen, Holland. 
Zoogloea ramigera National Collection of Industrial 
NCIB Z11941 Bacteria, Aberdeen. 
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slopes and plates. 
2.5 CULTURE CONDITIONS 
Liquid cultures were grown in 250 ml or 2 1 Erlenmeyer flasks containing either 
100 ml or 11 of media respectively. The flasks were shaken at 120 r.p.m. at a 
temperature of 30°C for 4-5 days. 
2.6 PRODUCTION OF EXTRACELLULAR POLYSACCHARIDES 
The polysaccharides were extracted from the growth medium by 2-fold dilution 
and centrifugation at 16000g for 2 h. In the case of Z. ramigera, the 
polysaccharide is produced as a tightly bound capsule (Freidman & Dugan, 
1969b). To free the capsule, the growth medium was diluted and vigorously 
mixed in a Waring blender. The suspension became highly viscous when the 
capsule was released from the cells. The culture was then centrifuged as above. 
After removal of the cells, the polysaccharide was precipitated by the addition 
of 2-3 volumes of acetone. The resulting precipitate was left to stand for 24 h, 
then washed with fresh acetone. After dissolving in H 201  the polysaccharide was 
dialysed against running H 20 for 48 h. 
To purify the polysaccharide and convert it to the acidic form, it was passed 
through an Amberlite MB1 mixed bed resin (Sigma Chemical Co., USA), then 
lyophilized. 
2.7 COLORIMETRIC ASSAYS 
All assays were preformed at least in triplicate and the results were expressed as 
a percentage of the total carbohydrate, as determined by the phenol-sulphuric 
acid assay (Dubois et al., 1956). 
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casein hydrolysate 1 
yeast extract 1 
The glucose and MgSO4 were sterilised separately. All solutions were sterilised 
at 15 p.s.i. for 15 mm. 2% agar was added for solid medium. 
Table 2.3: The composition of Davis and Mingioli medium. 






The glucose and MgSO4 were sterilised separately. The solutions were sterilised 
as above. 
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2.7.1 ACETYL DETERMINATION 




c HCl, diluted 1:2 in H20 
0.37M FeC!3 6H20 in 0.1N HC1 
Standard: 0.04M acetylcholine chloride in 1mM sodium acetate (pH 4.5) 
Method 
400 p1 of a 1:1 mixture of hydroxylamine HCl and NaOH were added to 200 Al 
of a 0.2% polysaccharide solution. After 2 min incubation at room temperature, 
200 Al of HCl and 200 Al of FeCl3  were added. The solutions were mixed at each 
stage. The solutions were read at 540 nm in a Pye Unicam PU 8800 
spectrophotometer. 
2.7.2 PYRUVATE DETERMINATION 
The amount of pyruvate was determined by the method of Sloneker & Orentas, 
(1962). 
Reagents 
0.5% 2,4 dinitrophenylhydrazine in 2N HC1 
Ethyl acetate 
10% w/v aqueous Na2CO3 
Standard: 0-40 pg pyruvate in iN HC1 
Method 
A 0.3% polysaccharide solution in iN HC1 was hydrolysed for 3 h at 100°C. 200 
Id were removed and 100 p1 of 2,4 dinitrophenylhydrazine was added. The 
solutions were mixed and left at room temperature for 5 mm, when 500 p1 of 
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Table 2.4: The composition of Burk's Nitrogen Free Medium. 
Chemical 	 g/L 
K2HPO4 0.65 
KH2PO4 0.16 
MgSO4 .71-120 0.2 
NaC1 0.2 
CaC12.2H20 66 mg 
FeSO4 5 mg 
NaMoO4 2.5 mg 
Mannitol 10 
The medium was adjusted to pH 7.5 before sterilisation and the MgSO 4 was 
sterilised separately. The solutions were sterilised as before and 2% agar was 
added for a solid medium. 
Table 2.5: The composition of the mannitol-salt medium for 1?. meliloti. 
Chemical 	 g/L 
glutamate 1 
K2HPO4 1 
MgSO4 .71-120 0.2 
CaC12.2H20 0.04 
FeC13.6H20. 2.5 mg 
MnC12 1 mg 
H3B03 0.01 mg 
ZnSO4 .71-120 0.01 mg 
CoC12.61120 0.01 mg 
CuSO4 .51-120 0.01 mg 
Na2Mo042H20 0.01 mg 
mannitol 10 
The medium was adjusted to pH 7 before sterilisation. The MgSO 4 and mannitol 
were sterilised separately. The mannitol was added prior to inoculation. 
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ethyl acetate were added. The lower aqueous layer was removed and the 
pyruvate in the top layer was extracted twice with 500 Al of Na 2CO3, keeping the 
lower layer each time. The absorbance was measured at 375 nm. 
2.7.3 PHENOL/SULPHURIC ACID ASSAY FOR TOTAL CARBOHYDRATE 
The amount of total carbohydrate was determined using the method of Dubois 
etal., (1956). 
Reagents 
5% aqueous phenol 
c. 112SO4 
Standard: 0.01M Analar glucose 
Method 
200 ILI of phenol were added to 200 Al of test solution containing 1-20 jig 
carbohydrate. After mixing, 1 ml of c. H2SO4  was added. The solutions were left 
for 15 min at room temperature before the absorbance at 490 nm was 
measured. 
2.7.4 3-HYDROXYDIPHENYL ASSAY FOR URONIC ACIDS 
From the method of Blumenkrantz & Asboe-Hansen, (1973). 
Reagents 
0.15% m-hydroxydiphenyl (K and K Labs, ICN) in 0.5% NaOH. 
0.0125M sodium tertaborate in c.1 -12SO4 
Standard: 0.01M glucuronic acid 
Method 
600 Al of acid tetraborate were added to 100 Al of a 0.2% polysaccharide 
solution at 0°C and mixed carefully. The mixture was then heated at 100°C for 5 
mm. Once cool, 10 Al of m-hydoxydiphenyl were added, the solution was mixed 
Table 2.6: Composition of the solid medium for R. meliloti. 
Chemical 	 g/L 
CaCO3 3 








The medium was sterilised as before. 
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and the absorbance at 520 nm was measured. 
2.8 SUGAR ANALYSIS 
Method 1 
10 mg of polysaccharide were hydrolysed at lOOoC for 16 h in the presence of 
0.5N H2SO4. The hydrolysate was neutralised by the addition of the bicarbonate 
form of Amberlite 1R410 resin (prepared from Cl form ) and then Amberlite 
MB1 mixed bed resin. The neutralised solution was dried under vacuum and 
resuspended in 100 iil  of deionised water (Elga Ltd., High Wycombe, England). 
Before analysis it was passed through a 0.45 lim filter (Millipore (UK) Ltd., 
Watford, England). 
Analysis was carried out using a Gilson High Performance Liquid 
Chromatogram (HPLC) connected to a Knaur refractive index monitor. The 
monosaccharides were separated using a Biorad HP-X87P Pb2+ (cation 
exchange) column (30 cm x 7.8 mm ID) (Bio.Rad Labs., Richmond, Cal., USA) 
at 85°C. The mobile phase was deionised water and the flow rate 0.2 ml mm -'. 
The mobile phase was filtered and degassed prior to use. 
Method 2 
20 mg of polysaccharide were hydrolysed using 2N H2SO4  for 16 h at 100°C. 10 
mg of inositol was added as an internal standard. The hydrolysate was 
neutralised using BaC0 31  filtered, concentrated and put through a mixed bed 
resin. The samples were injected into a Waters HPLC attached to an Interchim 
CH0692 column at 80°C to separate neutral sugars. A refractive index monitor 
was again used to detect the neutral sugars. 
Samples were analysed for their acyl constituents using a C18 column (Biorad 
Aminex HPX87H). The eluent used was 8 x 10-3N H2SO4 and the column 
temperature 25°C. 
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2.9 POLYSACCHARIDE MODIFICATION 
2.9.1 Polymer deacetylation 
Deacetylation was achieved by treating a 0.1% solution of purified 
polysaccharide with 0.01M NH 40H at 60oC for 1 h. The solution was then 
neutralised, dialysed against distilled H 20 for 48 h, purified and lyophilized. 
2.9.2 Chemical acetylation of algal alginate 
Acetylation was carried out following the procedure of Skjak-Braek et al., 
(1986). 100 mg of alginate from M pyrifera was added to a 1:1 suspension of 
pyridine and acetic acid anhydride (100 ml). The reaction was allowed to 
continue for 16 h at 22°C. Removal of the alginate from the suspension was 
achieved by the addition of acetone. The polymer was dialysed exhaustively 
against deionised water prior to lyophilization. 
2.9.3 Preparation of homopolymeric blocks 
Alginate from M. pyrifera was hydrolysed using the method of Penman & 
Sanderson, (1972). A solution of the alginate (10 mgml-i) was boiled under 
reflux for 5 h with 03M HC1. After hydrolysis, the insoluble material was 
removed by centrifugation. The supernatant contained M-G blocks. The 
insoluble material was washed with 03M HC1, suspended in water and 
solubilized by the addition of NaOH. The pH of this solution was carefully 
adjusted to 2.85 with 0.05M HC1. At this pH the G blocks are soluble but the M 
blocks are insoluble. The two fractions were separated by centrifugation. Each 




2.10 THE EFFECTS OF METALS ON THE GROWTH OF 
MICROORGANISMS 
The maximum metal concentration that would support the growth of a range of 
microorganisms was determined in both liquid and solid media. The metal salts 
used were CoC1 2.61-1201  CuSO4.5H20, NiC12.61-120 and ZnC12 and were of 
Analar quality. 
2.10.1 Growth in liquid media 
Duplicate pre-warmed 250 ml flasks containing 100 ml of appropriate growth 
medium plus added salt were inoculated with 1 ml of cells from an overnight 
culture at an optical density of 0.4. The rate of growth was measured for 
different metal concentrations and the maximum concentration of metal that 
would allow growth was determined. 
2.10.2 Growth in solid media 
Solid plates of agar (85 mm diameter) were seeded with 100 til of log phase 
bacteria at an optical density of 0.4. Filter paper discs (6 mm diameter) soaked 
in the required salt solution were placed in the centre of the plates. The zones 
of growth inhibition were measured after incubation at 30°C. All experiments 
were carried out in duplicate. 
2.10.3 Determination of developed resistance to metals 
Duplicate 250 ml flasks containing 100 ml of growth media and the appropriate 
salt concentration were inoculated using an overnight culture with an optical 
density of 0.4. Once growth had reached an optical density of 0.4 in a particular 
concentration of metal, 1 ml of the growth suspension was inoculated into a 
higher concentration of metal. This process continued until no further growth 
53 
was observed. 
2.11 INTRINSIC VISCOSITY MEASUREMENTS 
The intrinsic viscosities of the succinoglycan from K meliloti YE2 and the 
polysaccharide from Z. ramigera were determined. A stock solution (0.04%) was 
prepared in 0.1M NaCl, from which a series of dilutions was prepared. The 
viscosity of each, solution was determined at 25°C using a Contraves Low Shear 
(LS30) viscometer. The range of shear rates applied was 1-30 s-i. From this data, 
the specific viscosity was determined and the intrinsic viscosity calculated. 
2.12 VISCOSITY MEASUREMENTS AT DIFFERENT NaC1 
CONCENTRATIONS 
Viscosity measurements on the two polysaccharides were carried out in the 
presence of different concentrations of NaCl to determine whether the structure 
of the polysaccharide chain was an ordered or random coil. All measurements 
were carried out at 25°C. 
2.13 VISCOSITY MEASUREMENTS AS A FUNCTION OF TEMPERATURE 
Solutions of polysaccharide (0.3 gl-1) were prepared in 0.01M NaCl. Using a 
Contraves Low Shear 30 viscometer connected to a Haake temperature 
controller, the viscosity was measured on increase of temperature from 40°C to 
80°C. There was an increase in temperature of 0.4° mm -i. The viscosity was also 
measured on cooling the polysaccharide from 80°C to 40°C. 
2.14 CONDUCTIVITY MEASUREMENTS 
The number of acidic groups contained in the repeat unit of a polysaccharide 
can be determined by conductivity measurements. The succinoglycan from K 
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meliloti was dissolved in distilled water, sonicated to decrease its viscosity and 
put through an ion exchange column (JR 120H+). The conductivity of the 
polysaccharide was measured during the addition of 0.01 M NaOH. From the 
graph of conductivity against ml NaOH added, the amount and identity of acidic 
groups can be determined. 
2.15 ESTIMATION OF MINIMUM GELLING CONCENTRATIONS AND 
MELTING TEMPERATURES 
A 1% polysaccharide solution was prepared in deionised water and an equal 
volume of a metal salt solution was added. The solution was mixed and heated 
to 60°C. The gel state before and after heating was noted. The melting point 
was determined by increasing the temperature of a waterbath 2°C every 5 mm 
and determining the temperature at which the gel dispersed. 
2.16 POLARIMETRY 
Optical rotation measurements were made as a function of temperature using a 
Fica spectropolarimeter (Spectropol ib), with a 5 cm thermostated cell 
operated at a wavelength of 300 nm. The cell was attached to a Schiumberger 
8300 Enregistreur X-Y temperature detector. A temperature increase of 0.2°C 
min-1 was controlled using a Haake PG20 temperature controller. The optical 
rotation of the polysaccharide was determined in different NaCl concentrations. 
The variation in optical rotation was plotted directly against temperature. 
2.17 MOLECULAR WEIGHT DETERMINATION 
2.17.1 K meliloti 
Light scattering, using a Chromatix KMX-6 system was used to determine the 
molecular weight of succinoglycan. A stock succinoglycan solution at a 
55 
concentration of 0.01% was prepared in 0.1M NaCl. The solution was filtered 
progressively through 3 pm, 0.8 pm and 0.4,4m filters after which it was diluted 
to give 5 different concentrations between 0.1 gl.i and 0.01 gl-1. The intensities 
of light scattering of each solution were then determined. 
2.17.2 A. vinelandii 73 and P. aeruginosa strain B 
The molecular weights of the above polymers were determined low angle laser 
light scattering (LALLS) and gel permeation chromatography combined with 
LALLS by Dr. F. Zanetti, POLY-bios, Trieste, Italy. 
2.18 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 
0.6% solutions of polysaccharide from R. meliloti and Z. ramigera were prepared 
in 2H20, with sodium succinate as an internal standard. High resolution proton 
nuclear magnetic resonance (n.m.r.) spectra were recorded at 100 MHz in 21-120 
using a Brucker WP 100 spectrometer at 85°C. Sodium tetra-deutero-
trimethylsilyl-propionate (TSP) was used as the chemical shift reference. 
The uronic acid composition and diad frequencies of the alginate samples were 
determined by Dr Skjak-Braek, University of Trondheim, Norway using a Jeol 
FX-100 spectrometer run at 90°C and 100 MHZ and following the method of 
Grasdalen, (1981). 
2.19 PERIODATE OXIDATION 
10 mg of polysaccharide from Z. ramigera were dissolved in 0.02M acetate 
buffer (pH 5.0) containing 24mM sodium metaperiodate, to give a final 
polysaccharide concentration of 1%. The reaction was left to proceed for 5 days 
in the dark at room temperature. 500 p1 of ethylene glycol was added, followed 
by excess sodium borohydride and the solution mixed well.. After dialysis for 48 
M. 
h against distilled water, the solution was lyophilised. To determine sugar 
linkages the oxidised polysaccharide was hydrolysed and the hydrolysate 
injected into a HPLC setup to detect for neutral sugars. 
2.20 EQUILIBRIUM DIALYSIS 
A 0.1% polysaccharide solution was used to measure ion uptake. 10 ml of each 
polysaccharide solution were put into dialysis tubing which had been treated to 
remove all metals. The dialysis tubing was boiled in 2% NaHCO 3 plus 1mM 
EDTA, 1mM EDTA and finally in deionised water (Sambrook et al., 1989), 
then stored at 4°C before use. 
The sacs were placed in duplicate polymethylpentene flasks (Azlon Products 
Ltd., London) containing 100 ml of appropriate ion solutions. The ion solutions 
were prepared from Analar chemicals (chloride form) and dissolved in 
deionised water. The pH was adjusted to the required value by the use of 
Analar chemicals. 
The flasks were shaken at 100 rpm for 24 h and samples were removed at 
regular intervals. 
All plasticware was leached overnight in 7.5N nitric acid to remove 
contaminating metals and subsequently rinsed in deionised water. Deionised 
water (high resistance water, 18 Mohm cm -1) produced from an Elgastat UHQ 
water system (Elga Ltd., High Wycombe, England) was used throughout. 
2.21 ION ANALYSIS 
Analysis was carried out using a Waters Ion Chromatograph (Millipore (UK) 
Ltd., Waters Chromatography Division, Edinburgh, UK) using an IC-Pack 
Cation column to separate the cations and a conductivity detector to analyse the 
quantity of ions remaining in the samples. Different eluo,nts were required for 
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monovalent and divalent cation analysis and monovalent ion analysis involved 
the use of a guard column to block interference by divalent cations. Plasticware 
and deionised water was used at all times. Values obtained were compared to 
Spectrosol atomic absorption standards. Analar chemicals and deionised water 
(18 Mohm cm-1) were used at all times. Polypropylene and polymethylpentene 
plasticware were used for all preparatory and storage work. 
2.22 SELECTIVITY COEFFICIENTS 
Selectivity coefficients were determined by the methods of Smidsrod & Haug, 
(1968) and Haug, (1959b). 
For divalent/divalent and monovalent/monovalent dialysis: 
KAB = XB X  CA 
XAXCB 
where XA  and XB  represent equivalent fractions of the counterions in the 
polymer solution and CA  and C13 refer to the concentrations of ions remaining in 
solution at equilibrium. 
For divalent/monovalent dialysis: 
KAB = XB x (CA)2 
(XA)2 x CB 
where A represents the monovalent cation and B represents the divalent cation. 
CHAPTER THREE 
PHYSICAL AND CHEMICAL CHARACTERISATION OF THE 
POLYMERS 
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3.1 CHEMICAL COMPOSITION OF THE POLYMERS 
The compositions of the polysaccharides used in this study were determined by 
a variety of techniques. High Performance Liquid Chromatography was used to 
analyse neutral sugars (Figure 3.1a and 3.1b). N.M.R. was used to analyse the 
non-carbohydrate constituents of 1?. melilori polysaccharide and the composition 
of guluronic acid and mannuronic acid residues in the alginate polysaccharides. 
Colorimetric assays were used to determine glucuronic acid, acetyl and pyruvate 
content in the other polysaccharides. 
Table 3.1: Molar ratios of the substituents of non-alginate polymers used in this 
study. 
Polymer 	 Gic 	Gal 	Fuc 	G1cA acet pyr 	suc 
A3(sl) 2.1 	- 	1 	0.83 	0.43 	- 
XM6 
	
1.5 	- 	1 	0.8 	- 	- 
Zoogloea 	 2 	1 	- 	- 	0.64 	0.44 	- 
ramigera 
Rhizobium 	8 	1 	- 	- 	0.63 	0.76 	1 
meliloti 6±1 1 - - 
The identification and amount of non-carbohydrate substituents in the polymer 
from R. meliloti was determined by integrating the peak heights of proton n.m.r. 
signals (see Figure 3.2). Conductivity measurements were also used to 
determine the ratio of acidic groups in this polymer (Figure 3.3). Two distinct 
neutralisation points were seen suggesting the presence of succinate and 
pyruvate in the ratio 1: 0.74. 
HPLC was also used to analyse sugar linkages in the polymer elaborated by Z. 
ramigera. The polymer was oxidised using periodate which reacts with vicinal 
hydroxyl groups to cleave the C-C bond. The polymer was then reduced using 
borohydride and hydrolysed to single sugars. The molar ratios of the sugars 
before and after periodate oxidation are shown in Table 3.2. Analysis of 
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different batches of the Zoogloea polymers showed a varying amount of acetyl 
groups. 
Table 3.2: Ratio of sugars found in the polymer elaborated by Zoogloea ralnigera 
before and after periodate oxidation. 
Polymer 	 Glucose 	Galactose 	Glycerol 
Native 	 2 	 1 	 0 
Oxidised sample 	1 	 2 	 3.6 
The composition and diad frequencies of the alginate samples are shown in 
Table 3.3. 
3.2 MOLECULAR WEIGHT DETERMINATION OF THE POLYMERS 
3.2.1 R. meliloti 
The method used in this study depends on the fact that if light shines on a 
particle, the light scattering from that particle is proportional to the square of its 
molecular weight. The molecular weight for the polymer was calculated as 5.9 x 
106 and A2 (the second virial coefficient) was 9.25 x 104g-2m1. 
3.2.2 Bacterial alginates 
The results were determined by Dr. F. Zanetti, Trieste and are shown in Table 
3.4. 
C., Table 1: Composition and diad frequencies of the bacterial and algal alginates used in this study. 
Source 	 FG 	 FM 	 FGG 	 FMM 	FGM MG 	 Acetyl 
hyperborea 0.665 0.335 0.558 0.228 0.107 0 
pyrifera 0.41 0.59 0.24 0.42 0.17 0 
A. vinelandii 73 0.561 0.439 0.372 0.25 0.189 11% 
A. vinelandii 206 0.08 0.92 0.03 0.87 0.05 24% 
P. aeruginosa B 0.16 0.84 0 0.68 0.16 37% 
Table 3.4. Molecular weights of A. vinelandii 73 and P. aeruginosa alginate. 
Alginate 	molecular weight 	 Polydispersity 
GPC/LALLS LALLS 	GPC/LALLS LALLS 
A. vinelandii 73 86300 	80300 	2.80 	2.94 
P. aeruginosa B - 	 390000 	- 	 2.70 
3.3 VISCOSITY MEASUREMENTS 
3.3.1 Intrinsic viscosity 
The viscosity of a solution is a measure of the internal friction of a fluid which is 
due to the intermolecular attractions. 
Theory 
for a solution j7, = n' - 
11 
= specific viscosity 
y7 sp = viscosity of polymer 
1 = viscosity of solvent 
is proportional to concentration. At infinite dilution, the intrinsic viscosity ['] 
describes the fractional increase in viscosity due to each individual solute 
molecule. 
i.e.[] = lim,/c = urn n' -n 
c-'O 	c-'O 
Below the overlap concentration, c, [77] is indirectly affected by interference of 
solvent flow patterns around the solute. This can be explained by the equation: 
= [ij] + k'[77]2c 
k' = Huggins constant 
Intrinsic viscosity is calculated from the y-axis intercept of the line measured by 
i,/c against c. The gradient is equivalent to k'. The above graph is shown in 
Figures 3.4 and 3.5 for the polysaccharides from R. meliloti and Z. ramigera. 
The intrinsic viscosity and Huggins constants were calculated from the above 
mentioned graphs and are shown in Table 3.5. 
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Figure 3.5: Determination of the intrinsic viscosity of the Z. ramigera 
polysaccharide. 
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produced by K meliloti and Z. ramigera in 0.1M NaCl. 
Organism 	 intrinsic 	 Huggins 
viscosity constant 
K meliloti 	 27000 g ml-1 	 0.37 
Z. ramigera 	 1750 g ml-1 	 6.27 
3.3.2 The effect of NaC1 on the viscosity of polymers 
The polymers from K meliloti and Z. ramigera were used in this experiment and 
the effects on viscosity can be seen in Figure 3.6. The viscosity of both polymers 
decreased with increasing NaCl concentration. As high concentrations of salt 
were reached, the fall in viscosity of each polymer decreased. The decrease in 
viscosity was greater for the Zoogloea polymer than the R/zizobium polymer. 
3.3.3 The effect of shear rate on 
The effect of shear rate on the viscosity of the above polymers can be seen in 
Figures 3.7 and 3.8. With the Rhizobium polymer, two specific regions can be 
seen. At low shear rates, the specific viscosity remains unchanged as shear 
increases. Above a certain shear rate, as the rate of shear increased, the specific 
viscosity of each sample decreased. An increase in polymer concentration 
produced an expected increase in the specific viscosity. An increase in 
concentration also leads to a more pronounced shear rate effect with lower 
shear rates causing a zero shear viscosity. When the graph obtained with the 
Zoogloea polymer was examined, no plateau region was seen at low shear rates 
and at higher shear rates, the decrease in specific viscosity produced a graph 
with more concave shaped lines compared to the Rhizobium polymer. 
3.3.4 The effect of temperature on the viscosity of different polymers 
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seen in Figures 3.9 and 3.10. When the temperature was increased, the viscosity 
of the Rhizobium polymer slowly decreased until 55°C when there was a sharp 
fall in viscosity. This decrease levelled out after 62°C. On cooling the polymer to 
40°C no increase in viscosity was observed. When the Zoogloea polymer was 
heated the viscosity gradually increased until 70oC was reached. The effect of 
cooling on the viscosity of the polymer was not measured for the Zoogloea 
polymer. 
3.4 OPTICAL ACTIVITY 
Optical rotation is used to study thermally induced conformational transitions 
from an ordered helical structure to a random coil structure in polysaccharides. 
Upon transition, a change in optical rotation occurs from a high to a less 
negative value. The mid-point of this transitional change is called the transition 
temperature and depends on different external factors. The optical activity of 
the Rhizobium and Zoogloea polymers were measured in different salt 
concentrations as a function of temperature. Unlike the Rhizobium polymer, the 
Zoogloea polymer was not optically active. When the Rhizobium polymer was 
studied, an increase in temperature was accompanied with a change in optical 
rotation and thus a change in conformation. Sharp sigmoidal transitions were 
noted for four different salt solutions (Table 3.6). The effects of NaCl 
concentration on the transition temperatures of the succinoglycan are shown in 
Figures 3.1 la and 3.1 1b. 
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Table 3.6: The effect of NaCl on the transition temperature of the 
succinoglycan polymer. 
NaCl concn 	 TmOC T140K4X 103 
3 x 10-1 M 	 80.44 2.83 
10-1 M 	 76.33 2.86 
3x10-2M 	 70.36 2.91 
10-2 M 	 64.24 2.97 
As the NaCl concentration increased, the transition temperature also increased. 
No transitions were noted at lower salt concentrations because of problems with 
high viscosity and trapped bubbles. 
3.5 GELATION OF POLYMERS 
The polymers obtained from R. meliloti, Z. rainigera, and K aerogenes (native 
and deacetylated) were incapable of gelling on the addition of cations. The 
gelling characteristics for XM6 are shown in Table 3.7. 
Table 3.7: Gelling characteristics of XM6 
Ion 	 gel character 	 melting point (oC) 
Na+ solid 33 
K+ solid 31 
Li+ solid 33 
Mg2+ solid 38 
Ca2+ solid 41 
Sr2+ solid 44 
As the polymer concentration was decreased to 0.1% only Ca2+ and Sr2+ were 
2.84 	2.88 	2.92 
Tm40K4 X 10 
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Figure 3.11b: The effect of NaCl on the transition temperature on the Z. 
ramigera polysaccharide. 
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capable of inducing weak gelation. The above results show that both 
monovalent and divalent cations can induce gelation of XM6. Divalent cations 
form stronger gels (as seen by melting point) with strontium forming the 
strongest gel. The gelling behaviour of the alginate samples are shown in Table 
3.8. 
3.6 DISCUSSION OF RESULTS 
3.6.1: Chemical composition 
The composition found for the A3(sl) and XM6 polysaccharides agree well with 
the repeat unit proposed from previous structural studies on these polymers 
(Dutton & Merrifield, 1982; O'Neill et al., 1986). The amount of acetate in 
A3(sl) was slightly low perhaps due to the colorimetric assay underestimating 
the amount of acetyl. 
There have been few studies on the structure of the polymer elaborated by Z. 
ramigera 115. Ikeda et al., (1982) suggested a repeat unit of D-glucose, D-
galactose and pyruvate in the ratio 11:3:1.5 whereas a few years later Franzen & 
Norberg, (1984) proposed that there was no simple repeat unit but found 
glucose and galactose in the ratio 2:1. Pyruvate was the only acid group found. 
Results from this study suggested a glucose to galactose ratio of 2:1. Pyruvate 
and acetate groups were also found, although the amount of acetate varied 
between batches suggesting that perhaps cultural conditions can affect the 
composition of the polymer. 
R. meiloti strain YE-2 was kindly donated by Professor Zevenhuizen as a 
galactoglucan producer (Zevenhuizen, 1989). R. meliloti usually produces 
succinoglycan as the main high molecular weight polysaccharide. It is composed 
of glucose, galactose and succinate in the ratio 7:1:1 (Zevenhuizen, 1983). For 
strain YE-2, Zevenhuizen suggested that the normal biosynthetic pathway for 
succinoglycan production was blocked at the polymerisation stage resulting in 
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Table 3.8: Gelling characteristics of alginate polymers 
Alginate 	 Ca2+ 	Sr2+ 	Mg2+ 	Na+/K+/Li+ 
P. aeruginosa  
P. aeruginosa - - 	- 	- 
(deacetylated) 
A. vinelandii 206 + + + 	- 	- 
A. vinelandii 73 + + + + 	- 	- 
A. vinelandii 73 + + + + 	- 	- 
(deacetylated) 
L. hyperborea + + + + 
M.pyrifera +++ +++ 	- 	- 
Syneresis was observed on gelation of the alginates. All gels were stable to 
100°C. 
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the secretion of low molecular weight octasaccharide repeat units and the 
production of a new polysaccharide - a galactoglucan. On analysis of the high 
molecular weight product produced by this bacterium, a polymer with a glucose 
to galactose ratio of 7:1 was found. The use of IH n.m.r. also showed the 
presence of succinate in addition to acetate and pyruvate, suggesting that this 
polymer was a succinoglycan. The average molecular weight of the 
succinoglycan was determined as 5.9 x 10-6 and A2 was 9.25 x 104g.2ml. A2 (the 
second virial coefficient) is a measure of polymer associations and the smaller 
the number, the greater the polymer-polymer interactions. Few studies have 
been concerned with the determination of the molecular weight of 
succinoglycan although Gravinis et al., (1987) quoted a molecular weight of 4.2 x 
106 for a succinoglycan produced by a Pseudomonas. 
The ratio of mannuronic acid to guluronic and the diad frequencies for the 
alginates used were determined by N.M.R. The frequencies of M and G were as 
expected for the algal alginates. The A. vinelandii 206 polymer was interesting. 
It contained very high amounts of mannuronic acid residues and the 
mannuronic acid diad frequencies were also high. The composition of the A. 
vinelandii alginate is controlled by the amount of Ca2+ in the medium. The 
enzyme, C5-epimerase, needs Ca2+ to epimerise M residues to G residues. Lack 
of Ca2+ will affect the capacity for this enzyme to work, resulting in high M 
values. The spectra found for the Pseudomonas alginate showed that it is typical 
of a Pseudomonas alginate - it lacked contiguous G residues (Sherbrock-Cox et 
al., 1984; Skjak-Braek et al., 1986). The acetyl content of the alginates was 
determined by colorimetric assay and by N.M.R. The values found for the 
Pseudomonas alginate were fairly similar - 32% by N.M.R. and 37% by 
colorimetric assay. The results were however different for the A. vinelandii 206. 
N.M.R. showed the polymer to be 5% acetylated whereas the colorimetric assay 
showed it to be 24% acetylated. Unfortunately these results could not be 
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repeated. 
The molecular weights of the two alginate samples were very different 
suggesting that the source of the alginate determines the molecular weight of 
the polymer. Polysaccharide molecules are not identical in molecular size and 
thus a polysaccharide solution is polydisperse in relation to molecular size. The 
polydispersity value (M/M) indicates the molecular weight distribution and is 
calculated from the difference in the number-average molecular weight (Mn) 
and the weight-average molecular weight (M w). 
Periodate oxidation was performed on the Zoogloea polymer to determine the 
sugar linkages. The results showed that the ratio of glucose to galactose had 
changed from 2:1 to 1:2 suggesting a decrease in the amount of glucose residues. 
The only new product formed was glycerol which is formed from glucose 
residues in 1 -, 4 chains when present as end groups. The high amount of 
glycerol formed suggests that galactose is a branch point with glucose branched 
off with 1 - 4 linkages. Ikeda et al., (1982) suggested that the polymer was a 
highly branched structure and also suggested that branching occurred at 
galactose residues. 
3.6.2 Rheological properties of polymers from R. meliloti and Z. ramigera. 
Intrinsic viscosity. 
The intrinsic viscosity for the succinoglycan was 37000 gml-1. Heyraud et al., 
(1986) examined the rheological properties of two succinoglycans produced 
under different conditions. The intrinsic viscosity of each differed drastically - 
one had an intrinsic viscosity value of 8000 gml-1 and the other had an intrinsic 
viscosity of 40000 gml-1. The values appeared to depend on the physiological 
growth conditions so little comparison can be performed between different 
succinoglycans. The amount of non-carbohydrate groups also effects the 
intrinsic viscosity. Fidanza et al., (1989) removed the acidic substituents of a 
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succinoglycan and found a sharp decrease in [ii] when the polymer was 
depyruvulated. The same effect was noted when pyruvate was removed from a 
xanthan polymer (Callet et al., 1987). The calculated Huggins constant for the 
succinoglycan was 0.37. This is a measure the flexibility of a molecule and for a 
flexible polymer, values around 0.35 are usually found. 
The intrinsic viscosity value for the Zoogloea polymer was significantly smaller 
than the succinoglycan value - 1750. The calculated Huggins constant was 6.27 
suggesting a more rigid polymer. Very few rheological studies have been 
performed on this polymer, but one study by Nakamura et al., (1987) 
determined the intrinsic viscosity of the polymer in KC1 and found that the 
value changed depending on salt concentration and pH. They suggested an 
average value of 1700 gml-1. This value is comparable to the value obtained in 
this study but little comparison can be carried out due to the different 
procedures used to grow the bacterium and determine the intrinsic viscosity 
value. 
The effect of ionic strength on viscosity 
Both polymers exhibited a decrease in viscosity with increasing NaCl content. 
This is a common occurrence with polyelectrolytes. When there is no other ionic 
species present electrostatic interactions between charged groups on the 
polymer favour a stretched chain conformation. The addition of NaCl helped 
screen these interactions leading to a more worm like structure. This change in 
conformation leads to a decrease in viscosity. Gravinis et al., (1990a) studied the 
effect of both monovalent and divalent cations on the viscosity of a 
succinoglycan solution. They showed that the viscosity decreased with increasing 
ionic strength and noted the same decrease in viscosity when MgC1 2 or CaCl2 
was added. Nakamura et al., (1987) noted this decrease in viscosity on addition 
of KC1 to Z. ramigera polymer. The decrease levelled out once 0.1M KC1 had 
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been added. 
Effect of shear rate on specific viscosity 
Two different viscosity effects were seen on analysis of the succinoglycan. A 
plateau region at low shear rates showed that the polymer was behaving like a 
Newtonian fluid and viscosity was not affected by shear rate. As the rate of 
shear increased, the viscosity started to decrease. The explanation of these 
results is that at high concentrations, the polymer coils give rise to an entangled 
network structure. At low rates of shear no significant deformation occurs, 
corresponding to the flat Newtonian plateau. As the rate of shear increases, the 
rate of external movement becomes greater than the rate of formation of new 
entanglements and thus viscosity decreases (Morris et al., 1981). Heyraud et al., 
(1986) showed pseudoplastic behaviour for two different succinoglycan 
preparations and the same effect of shear has been seen with other polymer 
solutions. Shatwell et al., (1990) looked at various xanthan samples and for each 
sample, the two phase effect was observed. Gravinis et al., (1987) compared the 
effect of shear on both succinoglycan and xanthan and noted that the viscosity of 
both polymers depended on shear rate. He showed that the 77re1  was greater for 
the succinoglycan than the xanthan at any particular molecular weight and 
xanthan departed more drastically from Newtonian behaviour than the 
succinoglycan as shear rates increased. The behaviour of each, was however, 
very similar. This two fold graph is indicative of a true polymer solution. 
Significantly different results were obtained for the Zoogloea polymer 
suggesting that it did not behave as a true polymer solution but rather like a 
plastic solution. No Newtonian behaviour was seen at the polymer 
concentrations used and from the shape of the graph, the polymer appeared to 
be exhibiting yield stress - the polymer was behaving as a solid under static 
conditions and required a force before flow was induced. When Nakamura et 
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al., (1987) examined the effect of shear they found that, at the concentration 
used, the polymer was pseudoplastic although it exhibited a yield stress. An 
earlier study by Stauffer et al., (1980) on the effect of shear showed that as the 
concentration of the polymer increased, the behaviour of the polymer changed 
from newtonian pseudoplastic flow to a plastic type flow. 
The effect of temperature on viscosity 
Succinoglycan exists as a single chain polymer with similar rheological 
properties to xanthan. As with xanthan, the viscosity of the polymer drops 
abruptly as the temperature of the polymer solution increases. The midpoint of 
this occurrence is called Tm (the transition midpoint temperature). This value 
varies depending on physiological conditions and the structure of the polymer. 
Heyraud et al., (1986) heated succinoglycans to 100°C and observed their 
viscosity after 4 hours. He noticed a 90 fold reduction in viscosity for one 
polymer and a 500 fold reduction for the other. A reduction in molecular weight 
was also seen. The corresponding decrease for xanthan, however was only 75 
fold. By looking at the amount of side chain constituents over time, he proposed 
that the decrease in viscosity and molecular weight was due to cleavages in the 
backbone only. Gravinis et al., (1987) looked at relative viscosity as a function of 
temperature for both xanthan and succinoglycan. They noted that when 
succinoglycan was heated above Tm and then allowed to cool, the resultant 
polymer showed a minimum decrease in i, of 50%. They also noted a decrease 
in average molecular weight and suggested that the decrease in viscosity and 
molecular weight were due to the heat causing break points in the main chain 
which were stabilised by the side chain-backbone interactions. The same 
irreversible loss of viscosity was also seen with xanthan and he proposed that 
perhaps chain breaks also occur in this polymer. When the succinoglycan from 
this study was examined, a transition was seen around 55°C showing the 
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transition from ordered to disordered structure. After cooling, there was no 
significant rise in specific viscosity suggesting significant breakages in the 
backbone. 
A different shaped curve was found when the same experiment was performed 
with the Zoogloea polymer. As the temperature increased, the specific viscosity 
of the polymer also increased. This work confirms the other results that suggest 
that the polymer is not in an ordered form and is behaving like a gel - when the 
temperature of a gel-like solution increases the resultant behaviour is an 
increase in specific viscosity. Stauffer et al., (1980) also studied the effect of 
temperature of the viscosity of the Zoogloca polymer. They found a decrease in 
viscosity as the temperature rose. There have been considerable problems over 
in years in determining the structure and properties of this polymer. The 
difference observed here could be due to the production of a slightly different 
polymer from the one examined by Stauffer and his colleagues. 
3.6.3 Optical rotation 
When a beam of monochromatic plane polarised light passes through a 
polysaccharide solution containing carbon atoms with asymmetric centres, the 
right and left polarised light may be retarded to different extents allowing the 
emergent light to rotate relative to the incident light - called optical rotation. 
When a polysaccharide with an ordered helical conformation is heated and its 
optical rotation measured, the first stage is a low temperature plateau. As the 
temperature increases a sharp shift in optical rotation to a less negative value is 
noted, after which a high temperature plateau occurs. This change in optical 
rotation signifies the change of the polymer from an ordered helical structure to 
a random coil. The midpoint of this change is the polymer's Tm. This value is 
dependent on temperature, ionic strength and nature of the counterion 
(Gravinis et al., 1990b). As previously described, succinoglycan is a polyanion 
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and thus the charged negative groups repel one another. The addition of cations 
causes a charge shielding effect and stabilises the polymer's ordered 
conformation. 
The degree of acylation has also been found to affect helix stability and thus Tm. 
The effects of substituent groups have been well documented for xanthan and 
the effects appear to be the same in succinoglycan although the Tm for 
succinoglycan varies less than that of xanthan. 
Dentini et al., (1984) looked at the thermal transition of xanthan and the effects 
of removing the acetyl and pyruvate substituents. Using circular dichroism they 
showed that pyruvate had a destabilising effect on the polymer whereas acetate 
stabilised the structure. The order of stability of the different polymers were 
pyruvate free > native > acetate and pyruvate free > acetyl free. The 
stabilising effect of the acetate was smaller than the destabilising effect of the 
pyruvate. Fidanza et al., (1989) removed the acyl substituents of a succinoglycan 
to determine the role each group played in the stability of the polymer. They 
noted an order of stability of native PS < succinate-free PS < pyruvate-free PS 
< succinate- and pyruvate-free PS. They concluded that the occurrence of 
succinate and pyruvate in a polymer lead to internal repulsion and instability 
and thus a low Tm. The reason for acetyl stabilising the helical structure 
remains unknown, although several explanations such as apolar interactions 
between the methyl group of the acetyls or a polar 0 atom acting as a H bond 
acceptor have been proposed (Smith et al., 1981). 
The effect of NaCl on the succinoglycan used in this study can be seen in 
Figures 3.11a and 3.11b. A linear relationship was found between transition 
temperature and NaC1 concentration. Gravinis et al., (1990b) performed the 
same experiment on a succinoglycan extracted from a Pseudomonas species. He 
found the same linear relationship between ionic strength and transition 
temperature. When the gradient of the line in Figure 3.11b was determined, a 
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value of 13 x 10-3 was obtained. This value correlates well with the value of 12 x 
10-3 calculated from the same line in Gravinis's work, showing that although the 
succinoglycans are produced by two different bacteria, their behaviour in NaCl 
is very similar. The transition temperatures found in this study were higher than 
those found by Gravinis. The presence of acetate stabilises the polymer and thus 
increases the Tm values in comparison to the polymer lacking acetyl groups. 
No optical rotation was observed for the Zoogloea polymer suggesting that the 
polymer was in a disordered form. From this result and results from viscometry 
it can be concluded that the polymer is not in an ordered conformation. 
3.6.4 Gelation 
The only structural difference between the polymers XM6 and A3(sl) is the 
presence of acetyl groups in the latter. Upon deacetylation, A3(sl) should have 
behaved like XM6 and gelled with a range of different cations. Several batches 
of deacetylated material were made but none would gel. This could perhaps be 
due to incomplete deacetylation of the polymer, although there was no 
analytical evidence for this. The results with XM6 are similar to those found by 
Nisbet et al., (1984) although the gel formed with strontium in the above study 
had a slightly higher melting temperature than calcium, the opposite of that 
found in the original study. 
As expected, the alginates gelled only with Ca2+ and Sr2+. The alginate from the 
Pseudomonas gelled on addition of the two cations but once the solution was 
heated to 100°C and cooled, no significant gelation was observed. Alginates 
extracted from P. aeruginosa have been found to lack contiguous G residues 
(Sherbrock-Cox et al., 1984) which are essential for the gelling process in algal 
alginates and those from A. vinelandii. The gelation of Pseudomonas alginate is 
therefore unusual. All alginate samples that gelled with the cations exhibited 
syneresis suggesting that the aggregation formed was so strong that the network 
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was contracted with the subsequent release of liquid from the gel. The 
deacetylated forms of the bacterial alginate did not appear to form stronger gels 
than the native polymers suggesting that under the conditions tested, the acetyl 
groups appeared to have no effect on the gel forming properties of the polymer. 
CHAPTER FOUR 
CATION BINDING BY BACTERIAL AND ALGAL ALGINATES 
The algal alginates were dialysed against 1.5 mg Ca 2 and Mg2 and 3 mg Sr2 
per 100 ml. The native bacterial alginates were dialysed against 0.2 mg of each 
ion and the deacetylated bacterial alginates, the acetylated algal alginate and 
the uronic acid blocks were dialysed against 1mg 100 ml -1 of each ion. 
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4.1 DIVALENT ION UPTAKE 
4.1.1 Uptake of single cations 
When the alginates (10 mg) were dialysed against single divalent cations a 
difference in the binding affinity between the cations was observed and within 
these differences, the various alginates removed different quantities of each 
cation (Table 4.1). A significant portion of the ions were removed from solution 
in the first two hours and binding appeared stable for 24 h. 
Table 4.1: Amount of ions (mg) removed by algal and bacterial alginates after 
dialysis against Ca2+, Mg2+ or Sr2+. 
Ca2+ Mg2+ 	Sr2+ 
Algal alginates 
hyberborea 0.99 0.19 	2.16 
Mpynfera 1.04 1.09 	1.86 
pyrifera (acet) 0.053 0.048 	- 
M blocks 0.19 0.26 	 - 
G blocks 0.31 0.25 	 - 
M-G blocks 0.2 0.25 	 - 
Bacterial sources 
P. aeruginosaB 0.146 0.125 	- 
P. aeruginosa B (deac) 0.7 0.33 	0.65 
A. vinelandii 206 0.137 0.074 	- 
A. vinelandii 206(deac) 0.61 0.58 	 - 
A. vinelandii 73 0.096 0.068 	- 
A. vinelandii 73 (deac) 0.78 0.35 	0.96 
The algal alginates removed significantly greater quantities of ions than the 
bacterial alginates, although the binding of Mg2+ to the L. hyperborea alginate 
All calculations and figures were as a result of duplicate flasks analysed for their 
remaining ion content over time. 
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Figure 4.1: Binding of Ca2 + and Mg2+ by native and deacetylated forms of A. 
vinelandii 206. 
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Figure 4.2: Binding of Ca2+ and Mg2+ by native and deacetylated forms of A. 
vinelandii 73. 
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did not appear very stable. The algal ãlginates were dialysed against 1.5 mg of 
each cation, a value relating to the theoretical amount of calcium that could be 
bound by 10 mg polysaccharide (binding capacity - 0.1 mg mg-1 alginate). Both 
algal alginates removed all Sr2+ from solution, so the concentration of 
dialysable ions was increased to 3 mg. The uptake of Sr >> Ca in both cases 
and the Laminaria alginate removed slightly more strontium than the 
Macrocystis alginate. The alginate from M. pyrifera (M > G) removed similar 
quantities of Ca2+ and Mg2+ but the alginate from L. hyperborea (G > M) 
bound a greater quantity of Ca2+ and binding of Mg2+ was not stable and 
decreased over time. 
When the chemically acetylated alginate (8.5% acetylated) was dialysed against 
Ca2+ or Mg2+ a large drop in uptake was noted in comparison to the native 
alginate. The amounts of Ca2+ and Mg2+ removed in each case were similar. 
When the M, G and M-G blocks were dialysed against the single ions, the 
uptake of both ions was similar but significantly less than the amount removed 
by the native alginate. The amounts removed were greater than those found for 
the chemically acetylated alginate. 
Although the only structural difference between the algal and bacterial 
alginates was the presence of 0-acetyl groups in the latter (except for the lack 
of contiguous G residues in P. aeruginosa alginate), very different binding results 
were obtained. When dialysed against 1.5 mg of each cation, no uptake could be 
detected. When the ion concentrations were decreased to 0.2 mg/100 ml, 
uptake was detected. The values removed by each bacterial alginate were 
approximately 10-fold less than those removed by the algal alginates and, in 
each case, the uptake of Ca2+ was greater than Mg2+. Once the alginates had 
been deacetylated, the uptake of both ions increased at least 6-fold. The uptake 
of Ca2+ was still greater than Mg2+. The effects of deacetylation on the uptake 
of Ca2+ and Mg2+ by all three algal alginates are shown in Figures 4.1 - 4.3. The 
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Figure 4.3: Binding of Ca2+ and Mg2+ by native and deacetylated forms of P. 
aeruginosa. 
mg ion removed 
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Deacetylated alginate (Ca 2 uptake) 	Deacetylated alginate (Mg 2 uptake) 
Figure 4.4: The competitive binding of Ca2+ and Mg2+ by alginate from L. 
hyperborea and M. pynfera.. 
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acetyl content could not be related to the amount of ion removed because other 
factors such as the ratio and sequence of the uronic acids also play a role in 
determining ion uptake. The removal of Sr2+ by deacetylated alginate from P. 
aeruginosa and A. vinelandii 73 was determined. No difference in Sr2+ and Ca2+ 
binding could be detected with the Pseudomonas alginate (M > G), whereas the 
Azotobacter alginate showed greater uptake of Sr2+ compared to Ca2+ (G> M). 
4.1.2 Competitive uptake of divalent cations 
Competition experiments were carried out using two divalent cations in solution 
and from these results the selectivity of binding was calculated (Table 4.2). The 
cations used were Sr2+, Ca2+ and Mg2+. The competitive uptake of calcium and 
magnesium by the two algal alginates can be seen in Figure 4.4. 
Results obtained from the two algal alginates showed a selectivity of Sr > Ca > 
Mg. The values were much greater for the L. hyperborea alginate (G > M). For 
the Ca2+ - Mg2+ dialysis experiment a selectivity coefficient of 0.31 was obtained 
for the chemically acetylated alginate, suggested a loss of selectivity for the two 
cations. Similar values were obtained for the M, G and M-G blocks. 
When the bacterial alginates were examined for their selective capacities in the 
Ca2+ - Mg2+ dialysis experiment, values ranging from 0.55 to 1.28 were found. 
These values suggested little selectivity. Once deacetylated the amount of ions 
removed increased and the selectivity coefficients increased to between 2 - 3. 
The lowest values were calculated for alginate from P. aeruginosa, and the 
highest coefficients were found for A. vinelandii 73. Deacetylated alginate from 
Azotobacter 73 showed a selectivity of Sr > Ca > Mg. Similar results were 
observed for the Pseudomonas alginate although the values were lower and no 
significant selectivity appeared to exist between Sr2+ and Ca2+. The differences 
in uptake between the native and deacetylated forms of alginate from A. 
vinelandii 73 and the Pseudomonas are shown in Figures 4.5 and 4.6. 
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Table 4.2: Selectivity coefficients between divalent cations for a range of algal 
and bacterial alginates. 
KSr 	 KMgsr 	 KMgCa 
Algal alginates 
hyberborea 	 3.30 21.20 	9.97 
Mpyrifera 	 1.76 7.24 	3.15 
pynfera (acet) 	- - 	 0.31 
M blocks 	 - - 	 0.10 
G blocks 	 - - 	 0.52 
M-G blocks 	 - - 	 0.39 
Bacterial sources 
P. aeruginosa B 	 - 	 - 0.55 
P. aeruginosa B (deac) 	0.49 	2.01 2.10 
A. vinelandii 206 	- 	 - 1.03 
A. vinelandii 206(deac) 	- 	 - 2.47 
A. vinelandii 73 	- 	 - 1.28 
A. vinelandii 73 (deac) 	4.24 	4.90 3.01 
acet - chemically acetylated algal alginate 
.deac - deacetylated bacterial alginate 
For the algal alginates, the total ion content equalled 1.5 mg for the Ca 2 - 
Mg2 competition experiments and 3 mg for the experiments with Sr 2 . The 
native bacterial alginates were dialysed against a total of 0.2 mg of Ca 2 and 
Mg2 and the deacetylated bacterial alginates, the acetylated algal alginate and 
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4.2 MONOVALENT ION UPTAKE 
4.2.1 Uptake of single monovalent cations 
The capacity for the algal and bacterial alginates to remove monovalent cations 
(Na+, K+ and Li+) from solution is shown in Table 4.3. 
As the algal alginates were in the Na+ form, the uptake of Na+ was not 
determined. The uptake of K+ and Li+ and the release of Na+ in the presence 
of these ions was determined. After 24 hours, the two algal alginates had 
removed similar amounts of K+ and the same was the case with Li+. The 
amount of K+ removed, however, was more than twice that of Li+. The amount 
of ions removed was noticeably less than for divalent ions. Na+ was released 
from the alginates during dialysis. Both alginates released similar amounts of 
Na+, with more being displaced by K+ than by Li+. The amounts of the two ions 
removed by the acetylated algal alginate were 3 - fold less than quantities 
removed by the native alginates, although the same ratio of K+ and Li+ uptake 
was observed. 
Results obtained from the bacterial alginates suggested that the uptake of K > 
Na = Li. Amounts removed by each alginate were fairly similar irrespective of 
the alginate tested. The amounts removed were less than those removed by the 
algal alginates and less than the divalent cations removed by the alginates. Once 
deacetylated, the uptake of each ion increased 2 - 5 fold and the uptake of K > 
Na ~: Li. 
4.2.2 Competitive uptake of monovalent cations 
The results from competitive uptake of monovalent cations can be seen in Table 
4.4. 
Table 4.3: Amount of ions (mg) removed by algal and bacterial alginates after 
dialysis against Nat, K or Lit. 
Na 	 Li 
Algal alginates 
hyperborea - 0.5 0.21 
Mpynfera - 0.49 0.2 
pyrzfera (acet) - 0.015 0.008 
Bacterial sources 
P. aeruginosa B 0.03 0.047 0.04 
P. aeruginosa B (deac) 0.15 0.22 0.14 
A. vinelandii 206 0.014 0.054 0.023 
A. vinelandii 206 (deac) 0.066 0.13 0.06 
A. vinelandii 73 0.026 0.056 0.032 
A. vinelandii 73 (deac) 	0.16 	 0.177 	0.143 
acet - chemically acetylated algal alginate 
deac - deacetylated bacterial alginate 
The algal alginates were dialysed against 0.75 mg of each cation per 100 ml. The 
native bacterial alginates were dialysed against 0.1 mg of each ion and the 
deacetylated bacterial alginates and the acetylated algal alginate were dialysed 
against 0.5 mg 100 ml-1  of each ion. 
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For the algal alginates, the total ion content equalled 0.75 mg 100 ml-1 . The 
native bacterial alginates were dialysed against a total of 0.1 mg of ions and the 
deacetylated bacterial alginates and acetylated algal alginate were dialysed 
against a total of 0.5 mg 100 ml-1 of cations. 
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Table 4.4: Selectivity coefficients for monovalent cations for a range of algal and 
bacterial alginates. 
KNa K 	 KLI Na 	 KLIK 
Algal source 
hyperborea 	 - 	 - 	 2.26 
M pyrifera 	 - 	 - 	 1.36 
pyrzfera (acetylated) 	- 	 - 	 0.80 
Bacterial source 
P. aeruginosa B 	 3.42 	0.66 	0.76 
P. aeruginosa B (deac) 3.51 0.94 1.51 
A. vinelandii 206 1.70 2.26 1.70 
A. vinelandii 206 (deac) 2.30 1.18 1.29 
A. vinelandii 73 1.84 0.82 0.17 
A. vinelandii 73 (deac) 	1.11 	 1.04 	1.72 
acet - chemically acetylated algal alginate 
deac - deacetylated bacterial alginate 
Only the competitive uptake of K+ and Li+ was analysed with the algal alginates 
due to the alginates being in the Na+ form. A selectivity coefficient (K LIK) of 
2.26 was found for the L. hyperborea alginate whereas the M. pyrifera alginate 
had a coefficient of 1.36. These values were considerably lower than the values 
obtained for the divalent cations. A coefficient of 0.8 was found for the 
acetylated algal alginate. 
Low selectivity coefficients were also found with the bacterial alginates, 
although the selectivity of K > Na in every case. There did not seem to be any 
selectivity between Na+ and Li+. Upon deacetylation, uptake of each ion 
increased but no significant increase in selectivity was observed. 
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4.3 COMPETITIVE UPTAKE OF DIVALENT AND MONOVALENT 
CATIONS 
The experiments in this section compared the uptake of Ca2+ or Mg2+ with the 
uptake of Na+, K+ and Li+. The uptake of Na+ was again not determined for 
the algal alginates because they were in the Na+ form, The calculated selectivity 
coefficients are given in Tables 4.5 and 4.6. 
The algal alginates showed a selectivity for divalent cations over monovalent 
cations and the values were higher when Ca2+ was the divalent cation. The 
highest coefficients were found for the Ca2+ - K+ exchange reaction for both 
algal alginates. The selectivity of divalent cations over monovalent cations was 
lost when acetylated algal alginate was examined - the selectivity coefficients 
were very similar (all less than one) and seemed independent of whether Ca2+ 
or Mg2+ was the divalent cation. 
The bacterial alginates also showed a greater uptake of Ca2+ than the 
monovalent cations. When Mg2+ was dialysed against the monovalent ions, less 
Mg2+ was removed in comparison to Ca2+. The calculated selectivity 
coefficients were also smaller when Mg2+ was the divalent cation, suggesting 
that the monovalent ions were taken up to a greater extent when present with 
Mg2+. The deacetylated forms again showed a large increase in ion uptake in 
comparison to the native form and an increase in selectivity was seen between 
the divalent and monovalent cations. 
4.4 THE EFFECT OF TEMPERATURE ON Ca2+ UPTAKE 
The effects of temperature on the uptake of calcium by L. hyperborea, P. 
aeruginosa and A. vinelandii 206 can be seen in Figures 4.7 - 4.10. The 
temperature was varied between 20°C and 60oC and all solutions were adjusted 
to pH 7 before use. 
Temperature seemed to have little effect on the uptake of Ca2+ by the algal 
For the algal alginates, the total ion content equalled 1.5 mg 100 ml- 1. The 
native bacterial alginates were dialysed against a total of 0.2 mg of ions and the 
deacetylated bacterial alginates and acetylated algal alginate Were dialysed 
against a total of 1 mg 100 ml -1 of cations. 
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Table 4.5: Selectivity coefficients between Ca2+ and monovalent cations for a 
range of algal and bacterial alginates. 
KNaCa 	 KKCa 	 KLICa 
Algal source 
hyperborea 	 - 	 27.9 	9.30 
M.pyrzfera 	 - 	 17.60 	14.50 
pyrzfera (acetylated) 	- 	 0.50 	0.73 
Bacterial source 
P. aeruginosa B 	 0.51 
P. aeruginosa B (deac) 	2.43 
A. vinelandii 73 	 1.89 
A. vinelandii 73 (deac) 	2.01 
(acet) - chemically acetylated algal alginate 
(deac) - deacetylated bacterial alginate 
Table 4.6: Selectivity coefficients between Mg2+ and monovalent cations for a 
range of algal and bacterial alginates. 
KMg 	 KMg 	 K 1Mg 
Algal source 
hyperborea 	 - 	 1.77 	1.73 
M.pyrzfera 	 - 	 4.10 	2.09 
pyrifera (acetylated) 	- 	 0.30 	1.27 
Bacterial source 
P. aeruginosa B 0.10 0.23 0.53 
P. aeruginosa B (deac) 2.50 6.40 4.60 
A. vinelandjj 73 o 0.76 0.63 3.20 
A. vinelandii 73 (deac) 	1.73 	3.00 	1.13 
(acet) - chemically acetylated algal alginate 


















Figure 4.7: The effect of temperature on the uptake of Ca2+ by alginate from L. 
hyperborea. 
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Figure 4.8: The effect of temperature on the uptake of Ca2+ by alginate from A. 
vinelandii 206. 
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Figure 4.9: The effect of temperature on the uptake of Ca2+ by alginate from P. 
aeruginosa. 
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Figure 4.10: The effect of temperature on calcium uptake by a range of 
alginates. 
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alginate and uptake actually seemed to increase slightly with increased 
temperature. 
Very different results were seen when the bacterial alginates were studied. The 
binding of Ca2+ by the Azotobacter alginate was stable until a critical 
temperature of 40oC was reached. Above this temperature, uptake of the ion 
drastically decreased. At 60oC no significant binding was detected. The alginate 
from the Pseudomonas showed similar results to the Azotobacter alginate. 
Uptake was steady until a critical temperature of 40oC was reached. Above this 
temperature uptake gradually decreased. At 60°C the alginate was capable of 
binding only a limited amount of ions. 
4.5 EFFECT OF pH ON THE UPTAKE OF DIVALENT CATIONS 
The uptake of Ca2+ and Mg2+ was examined at pH 3, 5, 7 and 9. The pH of the 
metal ion solutions were adjusted with Analar hydrochloric acid or sodium 
hydroxide. A general increase in uptake was observed as the alkalinity of the 
solutions increased (Figures 4.11 and 4.12). The changes in uptake appeared 
more significant for the algal alginates in comparison to the native bacterial 
alginates. The effect of pH on deacetylated alginates was not determined. A 
difference could be detected between the uptake pattern of the two different 
cations at the different pHs. The uptake of Ca2+ steadily increased from pH 3 to 
reach a maximum around pH 7. There was little, if any, increase in uptake after 
this pH. The uptake of Mg2+, however, increased gradually until pH 7, after 
which there was a large increase in uptake. At pH 3, the uptake could not be 
determined for all samples due to the high concentration of H+ affecting 
analysis by the ion chromatograph. 
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Figure 4.11: The effect of pH on the uptake of Ca2+ and Mg2+ by L. hyperborea.. 
Figure 4.12: The effect of pH on the uptake of Ca2+ and Mg2+ byA. vinelandii 
206 alginate. 
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4.6 DIALYSIS AGAINST TWO CATIONS IN CONSECUTIVE 
EXPERIMENTS 
These experiments involved initial dialysis against either Ca2+ or Mg2+. After 24 
h the dialysis sacs were removed and placed in solutions of the other divalent 
cation (at the same concentration of metal ions) to examine the strength of ion 
binding. The binding of Mg2+ appeared weaker than Ca2+ for all alginates 
tested. Approximately 50% of the initial Ca2+ removed was resistant to 
exchange with Mg2+, whereas on average only 30% of the Mg2+ was resistant to 
exchange by Ca2+ (Table 4.7). Removal of the acetyl groups from the bacterial 
alginates appeared to increase the stability of both calcium and magnesium 
binding although the effects were greater with initial calcium binding. 
Table 4.7: Percentage of initial ions in alginate samples resistant to 
displacement by another divalent cation. 
Ca - Mg 	 Mg - Ca 
% Ca remaining 	% Mg remaining 
Algal source 
L. hyperborea 	 56 	 - 
M.pyrifera 	 52 	 51 
Bacterial source 
P. aeruginosa B 	 51 	 74 
P. aeruginosa B (deac) 	73 	 33 
A. vinelandii 206 	 47 	 28 
A. vinelandii 206 (deac) 	54 	 33 
A. vinelandii 73 	 27 	 19 
A. vinelandii 73 (deac) 	63 	 26 
(acet) - chemically acetylated algal alginate 
(deac) - deacetylated bacterial alginate 
The algal alginates were dialysed against 1.5 mg of each cation. The native 
bacterial alginates were dialysed against 0.2 mg of each ion and the deacetylated 
bacterial alginates were dialysed against 1mg of each ion. 
4.7 DISCUSSION 
4.7.1 Divalent ion uptake 
The majority of research into alginate ion binding has concentrated on studying 
alginates under gelling concentrations (Table 4.8). 
Table 4.8: Previous research into ion binding under gelling conditions 
Research group 	 Ions studied 
102 
Haug, (1961) 
Smidsrod & Haug, (1965) 
Haug & Smidsrod, (1965) 
Haug & Smidsrod, (1967) 
Kohn et al., (1968) 
Smidsrod & Haug, (1968) 
Triffitt, (1968) 
Haug & Smidsrod, (1970) 
Thom et al., (1982) 
Seale et al., (1982) 
Pb, Cu, Cd, Ba, Sr, Ca, Co, Ni, Zn, 
Mn, Mg 
Ca, Na 
Ba, Pb, Cu, Sr, Cd, Ca, Zn, Ni, Co, 
Mn, Fe, Mg 
Sr, Ca 
Ca,K 
Ca, Mg, Sr, Co, Cu 
Sr, Ca 
Cu, Mg, Sr, Ca, Ba, Co 
Ca, Sr, Mg, K 
Na, K, Li 
Few research groups have studied ion binding by alginates in the sol state and 
the effects on ion binding when cooperative ion binding is limited. This work 
examined the uptake of a range of cations by low concentrations of both algal 
and bacterial alginate and examined the effect of acetyl groups on ion uptake. 
Although the experiments were carried out below gelling concentrations, results 
from divalent ion uptake clearly showed a difference in ion binding between 
alginates of different compositions and between algal and bacterial alginates. 
Results from the two algal alginates also showed that, the higher the G content 
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of the alginate, the greater the difference in binding capacities of different 
cations. The binding capacity of Sr > Ca > Mg. This pattern of binding was first 
noted by Haug, (1961). For gel state alginates, the results can be explained by 
the "egg-box" model for ion binding (Grant et al., 1973). In solution, G residues 
adopt a 1C4 conformation (Atkins et al., 1970) which leads to the formation of a 
structure composed of arrays of electronegative cavities. These cavities allow 
cooperative binding, formation of junction zones and finally gelation if the 
conditions are correct. M residues, however, adopt a 4C1 conformation (Atkins 
et al., 1970) which leads to the formation of a flat structure with only shallow 
cavities which are not deep enough to allow strong and cooperative binding. 
The spacing of the coordinating oxygen atoms around the cavities and radii of 
the binding sites also play an important role in gelation. For the cooperative 
binding process, when a cation such as Ca2+ binds to a guluronate residue it 
binds to two carboxyl groups on adjacent residues and also to four oxygen 
coordination points (Grant et al., 1973). This results in a tightly bound cation. 
The size of the binding site is such that larger ions are favoured (i.e. Sr > Ca). 
It is interesting to note that a comparable polymer - pectin - is produced by 
higher plants. Its sole uronic acid is galacturonic acid which may be methyl 
esterified at the carboxyl groups. Neutral sugars such as L-rhamnose are also 
found. A detailed structural description can be found in section 1.8. In alginate, 
the mannuronic acid residues control selectivity and ion uptake (Kohn et al., 
1968) whereas in pectin, these properties are controlled by the degree of 
esterification and thus the linear charge density (Kohn & Furda, 1967) of the 
polymer. Despite these differences, the ion binding behaviour of both polymers 
is remarkably similar, with pectin also being capable of cooperative binding with 
Ca2+ (Haug & Smidsrod, 1970; Kohn et al., 1968; Morris et al., 1982; Thom et 
al., 1982.). The only major difference between polyguluronate and 
polygalacturonate ion binding is the lack of selectivity in the Ca2+ - Sr2+ 
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exchange reaction in the latter polymer (Haug & Smidsrod, 1970). When the 
Ca2+ binding site was examined, the reason for this difference became clear. 
Only 3 oxygen coordination sites were found with polygalacturonate which 
results in a weak binding site for the large strontium cation. 
Previous uptake experiments were carried out at high enough alginate 
concentrations to allow the formation of junction zones and gelation. Smidsrod 
& Haug, (1972) showed that selectivity depended on whether alginate was in the 
sol or gel state. The selectivity coefficients (K Mgca) were significantly lower if the 
alginate was in the sol state and they proposed that only limited, if any, 
cooperative binding could occur. They did suggest, however, that there was an 
inherent difference in selectivity between M and G residues. If the calculated 
coefficients in this study are examined, they are found to agree with the results 
of Smidsrod and Haug. The alginate from L. hyperborea (G >> M) had a 
coefficient (K MgCa) of 9.97 whereas the alginate from M. pyrifera (M > G) 
showed a coefficient of 3.15. Smidsrod & Haug, (1972) were unable to explain 
their results, but if the binding patterns of Rees, (1975) are followed, the results 
could be explained in terms of a different mechanism of binding between the M 
and G residues. As previously mentioned, the results suggest a lack of 
cooperative binding due to the low concentrations of polymer used but perhaps 
this difference in binding can be explained by specific binding where the shape 
and size of the guluronate residues are more available to stable calcium binding 
than the mannuronate residues. 
Results showed that the hydrolysed algal alginate blocks showed no difference 
in selectivity. Even at the low concentrations used, the results were different 
than those expected. Smidsrod et al., (1972) showed that the order of selectivity 
was poly G > poly MG > poly M even when the alginate was in the soluble 
phase. The lack of selectivity found here suggests that the alginate samples are 
not in the block form but have been further hydrolysed to single residues, which 
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as demonstrated by Triffitt, (1968) and Kohn et al., (1968) show no selectivity 
in binding. Whole alginate shows a definite selectivity, suggesting that the 
macromolecular structure is causing the difference in ion binding, even if 
cooperative binding is not possible. 
Chemical acetylation of the algal alginate had a drastic effect on both ion 
binding and selectivity. At this level of acetylation (8.5% acetylation), it can be 
assumed that the acetyl groups are attached to the M residues only (Skjak-
Braek et al., 1988a). Selectivity, however, depends on the G residues. Results 
from the Ca2+ - Mg2+ binding experiment showed that selectivity was lost and 
the capacity to remove ions from solution decreased. This result suggests that 
the acetyl group must be blocking the specific binding of the Ca2+ to the G 
residues by sterically inhibiting the binding of the cation. It is interesting to note 
that the uptake of Mg2+ was also affected by acetylation. This is perhaps due to 
the acetyl group inhibiting binding of the ion to the mannuronate residues or by 
sterically inhibiting the smaller cation from binding to the guluronate residues. 
As seen with the two algal alginates, the alginate monomer composition can 
significantly affect ion binding, but cannot explain the lower capacities for ion 
binding and lower selectivities seen with the bacterial alginates. Composition 
can account, however, for some of the differences observed between the three 
bacterial alginates. The selectivity coefficient (KMg ) calculated for the 
deacetylated alginate from A. vinelandii 73 (G > M) was 3.01. For deacetylated 
P. aeruginosa alginate (M > G) the selectivity coefficient was only 2.1. The same 
difference in selectivity was noted for the native samples of the two alginates. 
The alginate from P. aeniginosa lacks contiguous G residues, and is thus 
incapable of cooperative binding and perhaps due to the low content of G 
residues, specific binding is also limited. The difference in uptake between the 
algal and bacterial alginates can only be explained by the presence of acetyl 
groups and perhaps the distibution of the G residues. The binding of both Ca2+ 
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and Mg2+ were affected by the acetyl groups suggesting that, as with the 
chemically acetylated algal alginate, they affect both statistical and specific 
binding. The selectivity coefficients for the Ca2+ - Mg2+ exchange reaction were 
less than one for each bacterial alginate, suggesting a lack of significant 
selectivity. Once deacetylated, the binding of each ion reached levels 
comparable to the algal alginates and the selectivity coefficients also increased 
(> 1). These results again suggest that acetyl groups play an important role in 
the ion binding capacity of alginates. The effect that acetyl groups have on 
gelation and the physical properties of both alginate and pectin has been noted 
by several research groups (Schweiger, 1962; Kohn & Furda, 1968; Cozzi et al., 
1969; Haug & Smidsrod, 1970; Skjak-Braek et al., 1988b). Most of the original 
research on chemically acetylated alginate was concerned with using the acetyl 
groups as a means to determine the ion binding mechanisms of polyuronates, 
with little research being carried out to explain the cause of its inhibitory effects. 
Most early studies suggested that because selectivity was destroyed by chemical 
acetylation of the hydroxyl groups, the ion binding mechanism was mainly 
dependent on the presence of free hydroxyl groups in the polymer. The idea 
that perhaps the bulky acetyl groups are having a sterical effect on ion binding 
has not yet been proved due to lack of research but it appears to be the most 
likely explanation. The inhibitory properties of acetyl groups was also noted 
when samples of pectin were acetylated (Kohn & Furda, 1967). They suggested, 
however, that calcium ions bound to the pectin solely by electrostatic forces but 
did suggest that the acetyl groups were sterically inhibiting the binding of the 
calcium ions to the carboxyl groups. It is difficult to determine to what extent 
the amount of acetyl groups had on ion uptake as each polysaccharide 
contained different proportions of M and G residues which would also affect 
uptake and selectivity. Once deacetylated, the bacterial alginates showed the 
same order of affinity for the cations as the algal alginates - Sr > Ca > Mg 
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although the actual selectivity values were lower. This might be due to the 
amount of contiguous G residues present in each polysaccharide or perhaps due 
to some underlying effect due to the presence and subsequent removal of the 
acetyl groups. 
4.7.2 Dialysis with monovalent cations 
The binding of monovalent cations to alginate has been studied to a limited 
extent. Haug, (1959a) noted that alginate could be precipitated out of solution 
by K+ (especially the polyguluronic acid chains), while Podlas & Ander, (1970) 
showed that the binding of Na+ and K+ to alginate was statistical. The most 
comprehensive study was carried out by Seale et al., (1982) who looked at 
binding of monovalent cations by studying the effects on circular dichroism 
(c.d.). Circular dichroism depends on the fact that the n-orbitals of the carboxyl 
group of guluronic acid are perturbed by the proximity of site bound cations 
such as Ca2+. Seale and his colleagues showed that the binding of K> Na> U. 
The results were most pronounced with polyguluronate chains. They also 
suggested that Li+ binding was statistical, that Na+ was capable of some limited 
cooperative binding, and that in the case of K+, specific binding to contiguous G 
residues was possible for polyguluronate. 
The results found in this study were comparable to those above. When the algal 
alginates were dialysed against K+ or Li+, a higher uptake of K+ was seen. The 
higher uptake of K+ suggested a more specific mechanism of binding in 
comparison to Li+ binding. Seale and his co-workers suggested that the greater 
K+ binding was due to specific binding to G residues, whereas the Li+ binding 
was purely statistical. There was no difference in uptake between the two algal 
alginates. Due to their charge, monovalent cations are unable to cause junction 
zone formation, so perhaps a significant difference in binding between the two 
alginates would not be expected. The uptake of the monovalent ions was 
significantly lower than the amount of divalent cations removed, suggested that 
the charge of the cation is more important than size of the cation (K+ has the 
largest ionic radius but is not taken up to the greatest extent). 
Once deacetylated, the bacterial alginates showed similar results to those above 
- the uptake of K > Na ~! Li, although the amounts removed were lower. The 
selectivity coefficients increased by varying amounts on deacetylation suggesting 
that the acetyl groups did not inhibit binding of monovalent cations as much as 
divalent cations. The selectivity coefficients were lower than those found with 
divalent cations, suggesting a similar capacity of monovalent ion binding. 
4.7.3 Monovalent v Divalent ion binding 
Results from both the algal and bacterial alginates showed a selectivity of 
divalent over monovalent ions. Haug, (1959b) showed a selectivity between 
Ca2+ and Na+ binding, which was greater the higher the G content of the 
alginate. Similar results were seen when K+ was the monovalent cation (Kohn et 
al., 1968). In this study, both algal and deacetylated bacterial alginates showed 
the highest selectivity values for the Ca2+ - K+ exchange reaction and in this 
reaction, the higher the 0 content, the higher the coefficient, suggesting a 
higher affinity of the divalent cations to the G residues. The values were also 
higher when Ca2+ was the divalent cation instead of Mg2+. These results could 
be explained by the higher capacity of Ca2+ to bind to G residues perhaps due 
to its greater ionic radius and capacity to perhaps induce specific binding. 
The deacetylated bacterial alginates again showed an increase in uptake and 
selectivity over the native alginate although the values obtained were less than 
those observed for the algal alginates, showing that again the acetyl groups were 
inhibiting binding. Results seen with the deacetylated bacterial alginates showed 
the same pattern as the algal alginates, again suggesting that the presence of 
acetyl groups sterically inhibits the binding of cations to the uronic acid 
residues. 
In each case, irrespective of source of polysaccharide, the acetyl groups played a 
significant role in inhibition. 
4.7.4 The effect of temperature on ion binding 
An increase in temperature had no real effect on the uptake of calcium by the 
Laminaria alginate whereas the two bacterial alginates showed decreased 
uptake with an increase in temperature. 
The effect of temperature on the structure of various polymers such as xanthan 
and succinoglycan which exist in an ordered conformation and do not gel in the 
presence of divalent cations has been well studied. The protective effects of the 
acetyl groups on these polymers has been studied here and also by Dentini et al., 
(1984) and Fidanza et al., (1989). The acetyl groups stabilises the polymers 
against the detrimental effects of heat which causes a conformational change 
from an ordered structure to a disordered one and causes breaks in the 
backbone structure of the polymers. Alginate is different from the above 
polymers in that (in the absence of cations such as Ca2+), it exists in a 
disordered form which becomes ordered on the addition of Ca2+. Once an 
alginate gel has formed it is thermo-stable unlike polymers such as XM6 which 
have specific melting temperatures depending on various conditions. 
The presence of acetyl groups in alginates appeared to have the opposite effect 
compared to the above mentioned polymers - an increase in temperature had 
no effect on calcium uptake by the algal alginate (which lacked acetyl groups). 
The effect of heat on acetylated algal alginate was not performed. The different 
behaviours of the algal and bacterial alginates may be due to the high content of 
G residues in the algal alginate which were able to stabilise the structure by 
binding to Ca2+ whereas the bacterial alginate had lower proportions of 
guluronic acid residues and also contained acetyl groups which inhibited 
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extensive calcium binding. 
4.7.5 The effect of pH on ion uptake 
When the effect of pH on ion uptake by the alginate samples was examined, a 
general increase in uptake for both Ca2+ and Mg2+ was seen as the pH 
increased. The pH of a solution is an important factor to consider when looking 
at the binding of cations to anionic polymers and, in general, it has been found 
that metal uptake by polymers increases as the pH of the solution increases. 
Jellinek & Sangal, (1982) compared the uptake of copper, cadmium, zinc, 
chromium and nickel by a sample of polygalacturonate at different pHs and 
found that, in every case, an increase in pH was accompanied by an increase in 
ion removal. Cotoras and his colleagues (unpublished results) looked at the 
uptake of U0 22+, Cu2+, Zn2+ and Cd2+ by a strain of A. vinelandii and also 
found that as the pH increased the uptake of all the ions, in particular U0 22+ 
increased. This behaviour can be explained by the net charge carried by a 
polymer at a particular pH. Jang et al., (1991) found a sample of algal alginate 
to have a pK of 3 suggesting that at values less than pH 3, the uronate 
residues of alginate are in the protonated form and are unwilling to exchange 
H+ for other cations. As the pH rises, less protons compete for the anionic sites 
and thus other cations can bind more readily. 
4.7.6 Dialysis against two cations in consecutive experiments 
Results from this section showed that, once a cation was bound to alginate, it 
was not resistant to displacement by another cation. It is known that the binding 
of Ca2+ is stronger than that of Mg2+ even below gelling concentrations, 
(Smidsrod & Haug, 1972) but magnesium was still able to remove the calcium 
ions from their binding sites. This suggests that a proportion of the ions are 
loosely associated with the alginate but also that there are some tight binding 
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sites resistant to displacement. There was no difference between the Ca2+ and 
Mg2+ binding to the Macrocystis alginate which has a high mannuronate content, 
suggesting that both cations are bound similarly. The bacterial alginates showed 
a greater stability of binding towards calcium perhaps suggesting that binding 
other than statistical binding was involved. Deacetylation appeared to increase 
the amount of ions, in particular Ca2+, that were resistant to displacement 
suggesting that the acetyl groups were inhibiting strong binding of calcium to 
the alginate. 
CHAPTER FIVE 
CATION BINDING BY A RANGE OF BACTERIAL POLYSACCHARIDES 
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5.1 DIVALENT ION UPTAKE 
5.1.1 Uptake of single cations 
When a range of bacterial polysaccharides (10 mg each) was dialysed against 
Ca2+ or Mg2+ a difference in ion uptake was observed. The polymers showed 
different uptake capacities and the ability of calcium and magnesium to bind 
also varied (Figures 5.1 - 5.4). Previous studies have tended to express ion 
uptake either as the number of moles of each cation removed or milligrammes 
removed, so Table 5.1 expresses ion uptake in both moles and milligrammes. 
The uptake of both cations was rapid and relatively stable over the 24 hours 
tested. 
Table 5.1: Amount of ions (mg and JLmoles) removed by a range of bacterial 
polysaccharides (10 mg) after dialysis against Ca2+ or Mg2+. 
milligrammes jtmoles 
Ca2+ Mg2+ Ca2+ 	Mg2+ 
A3(sl) 	 0.091 






Z ramigera 	0.045 	0.055 	1.10 	2.26 
R meliloti 	0.072 	0.054 	1.80 	2.20 
A3(sl) 	 0.063 	0.066 	1.57 	2.71 
(deacetylated) 
Z. ramigera 	0.048 	0.03 	1.20 	1.23 
(deacetylated) 
R meliloti 	0.14 	0.06 	3.5 	 2.46 
(deacetylated) 
All polysaccharides were dialysed against 0.2 mg 100 ml- 1 of each cation. 
Each 10 mg sample of polymer removed between 0.1 - 0.05 mg of each cation 
tested. The amounts removed were significantly lower than those removed by 
the algal alginates (section 4.1) but were similar to the amounts removed by the 
naturally acetylated bacterial alginates. When the number of moles of each 
cation removed are examined, in almost every case, the uptake of magnesium is 
All calculations and figures were as a result of duplicate flasks analysed for their 
remaining ion content over time. 
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greater than that of calcium. 
Of the native polymers examined, A3(sl) and XM6 appeared to remove the 
greatest quantity of ions from solution whereas the Rlzizobium and Zoogloea 
polymer showed lower capacities for cation removal. 
A3(sl), the Rhizobium polymer and the Zoogloea polymer were chemically 
deacetylated to determine the effect of acetyl groups on cation binding. No 
conclusive results were found regarding the role of the acetyl groups in ion 
binding. Deacetylation of A3(sl) appeared to decrease the amount of calcium 
removed from solution whereas deacetylation of the Zoogloea polymer caused a 
decrease in magnesium uptake and deacetylation of the Rhizobium polymer 
increased calcium uptake. 
5.1.2 Competitive uptake of divalent cations 
Competitive experiments were carried out using both Ca2+ and Mg2+ in 
solution. By examining the maximum uptake of the cations, selectivity 
coefficients were calculated and these are shown in Table 5.2. Due to results in 
the previous section showing that magnesium ions were removed to a greater or 
similar extent to the calcium ions, the selectivity coefficients K Mgca and KMg 
were determined. 
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Table 5.2: Selectivity coefficients between calcium and magnesium for a range 
of bacterial polysaccharides. 
KMg 
Ca 	 KMg 
A3(sl) 1.48 0.68 
XM6 0.84 1.19 
Z. ramigera 1.26 0.80 
K meliloti 1.60 0.62 
A3(sl) 	 0.32 	 3.14 
(deacetylated) 
Z. ramigera 	 0.45 	 2.23 
(deacetylated) 
K meliloti 	 0.66 	 1.51 
(deacetylated) 
All polysaccharides were dialysed against a total of 0.2 mg 100 nit 1 of cations. 
The selectivity coefficients (K gCa) which showed that calcium was taken up to a 
greater extent than magnesium were in the range of 0.32 - 1.6. These values are 
comparable to those found for the native bacterial alginates and suggest a 
limited selectivity between the cations. In some cases, the selectivity for 
magnesium seemed greater than that of calcium and it is interesting to note that 
this was true for all samples lacking acetyl groups. The selectivity coefficients 
calculated for the deacetylated polymers were greater than those found for the 
native polymers suggesting that not only did deacetylation alter the selectivity 
between calcium and magnesium but also increased selectivity. 
52 MONOVALENT ION UPTAKE 
521 Uptake of single cations 
The capacity for the polysaccharides to remove monovalent cations (Na+, K+ 
and Li+) from solution is shown in Table 5.3. 
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Table 5.3: Amount of ions (mg and jimoles) removed by a range of bacterial 
polysaccharides (10 mg) after dialysis against Na+, K+ or Li+. 
milligrammes 	 .imo1es 
Na+ 	 Li+ 	Na+ 	K+ 	Li+ 
A3(sl) 	0.028 	0.041 	0.024 	1.2 	1.0 	3.5 
XM6 	0.02 	0.036 	0.02 	0.87 	0.92 	2.9 
Z. ramigera 	- 	0.014 	0.011 	- 	0.34 	1.6 
K meliloti 	0.012 	0.035 	0.013 	0.52 	0.90 	1.9 
Z.ramigera 	- 	0.039 	0.018 	- 	1.0 	2.6 
(deacetylated) 
K meliloti 	0.008 	0.011 	0.013 	0.35 	0.28 	1.9 
(deacetylated) 
All polysaccharides were dialysed against 0.1 mg 100 ml- 1 of each cation. 
The amount of monovalent cations removed was noticeably less than the 
amount of divalent cations removed. It appeared that K+ was taken up to the 
greatest extent although when the amounts of moles removed was examined the 
uptake of Li+ > Na+ >- K+. 
The A3(sl) polymer removed the highest quantity of monovalent cations, with 
the XM6 polymer removing slightly less of each cation. The Rhizobium and 
Zoogloea polymer again had a lower capacity to remove the ions. Deacetylation 
of the Rhizobium polymer appeared only to decrease K+ uptake, whereas 
deacetylation of the Zoogloea polymer appeared to increase the amount of K+ 
and Li+ removed from solution. 
Purification of the polymers involved passage through a mixed bed resin. 
Passage of the Zoogloea polymer (both native and deacetylated) through this 
resin resulted in a proportion of Na+ still being hound to the polymer, thus only 
the uptake of potassium and lithium was determined. The uptake of both ions 
seemed relatively unstable over 24 hours. 
5.2.2 Competitive uptake of monovalent cations 
Results from the competitive uptake of monovalent cations can be seen in 
Table 5.4. 
All polysaccharides were dialysed against a total of 0.1 mg 100 ml- 1 of cations. 
Table 5.4: Selectivity coefficients for monovalent cations for a range of bacterial 
polysaccharides. 
KNa 1'Z 	 KLI Na 	 KLIK 
A3(sl) 1.56 	 0.71 	0.96 
XM6 0.74 	2.76 	2.34 
Z. ramigera - 	 - 	 1.10 
R. meliloti 0.92 	 0.45 	1.25 
Z ramigera 	 - 	 - 	 1.12 
(deacetylated) 
R. meliloti 	 0.25 	0.51 	2.59 
(deacetylated) 
The calculated values were in the same range as those determined for the 
divalent cations and the similarity of values suggests a limited selectivity 
between the monovalent cations. The various polysaccharides appeared to show 
different selectivities for the cations. A3(sl), for example, showed a higher 
affinity for Li+ over Na+, the opposite of which was seen with XM6. 
Only the competitive uptake of K+ and Li + was examined with the Zoogloea 
polymer. A selectivity coefficient (K 11 K) of 1.10 was found for the polymer. The 
deacetylated polymer showed the same degree of selectivity in the K+ - Li+ 
uptake experiment. Binding of both ions seemed unstable after several hours of 
dialysis. 
The Rhizobium polymer showed a preference for lithium over sodium, and for 
potassium over lithium. After deacetylation, an increase in selectivity was seen 
for K+ over the other two cations whereas the selectivity between sodium and 
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lithium remained unaltered. 
5.3 COMPETITIVE UPTAKE OF DIVALENT AND MONOVALENT 
CATIONS 
The experiments in this section compared the uptake of Ca2+ or Mg2+ with the 
uptake of Na+, K+ and Li. The calculated selectivity coefficients are given in 
Tables 5.5 and 5.6. 
All polysaccharides were dialysed against a total of 0.Zmg 100 nil-1 of cations. 
Table 5.5: Selectivity coefficients between Ca2+ and monovalent cations for a 
range of bacterial polysaccharides. 
KNa C3 	 KKCa - 	 KLICa 
A3(sl) 3.10 	5.83 0.58 
XM6 2.52 	 1.50 0.20 
Z. ramigera - 	 3.04 1.90 
R. meliloti 6.50 	 2.10 3.84 
Z. ramigera 	 - 	 0.10 	0.32 
(deacetylated) 
K meliloti 	 0.24 	0.12 	0.60 
(deacetylated) 
The native polysaccharides showed a general selectivity for calcium over the 
monovalent cations. The lowest coefficients were found for the Ca2+ - Li+ 
exchange reaction, which in the cases of XM6 and A3(sl) showed a greater 
selectivity for lithium compared to calcium. A3(sl), the Zoogloea polymer and 
the Rizizobium polymer had the highest selectivity coefficients. The selectivity of 
divalent cations over monovalent cations appeared to disappear when the 
deacetylated Zoogloea and R/iizobium polymers and XM6 were examined. 
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Table 5.6: Selectivity coefficients between Mg2+ and monovalent cations for a 




A3(sl) 0.70 3.60 1.10 
XM6 0.83 0.30 0.83 
Z. ramigera - 4.20 6.40 
K meliloti 3.63 1.02 1.70 
Zramigera - 0.76 0.35 
(deacetylated) 
K meliloti 0.10 0.27 0.87 
(deacetylated) 
The selectivity coefficients calculated with magnesium as the divalent cation 
were smaller than those calculated when calcium was the divalent cation, 
suggesting that the monovalent ions were taken up to a greater extent when 
magnesium was present compared to calcium. A3(sl), the Zoogloea polymer and 
the Rhizobium polymer again showed the highest selectivity coefficients. The 
calculated selectivity coefficients were all less than unity for the two 
deacetylated polymers and XM6, suggesting a greater capacity for monovalent 
ion uptake in the absence of acetyl groups. In both the Ca2+ and Mg2+ dialysis 
experiments, the binding of both monovalent and divalent cations by the native 
Zoogloea polymer decreased with time. 
5.4 THE EFFECT OF TEMPERATURE ON Ca2+ UPTAKE 
The effects of temperature on the uptake of Ca2+ by various polysaccharides 
can be seen in Figures 5.5 - 5.8. Ca2+ uptake was measured at temperatures 
between 20°C and 60°C and all solutions were adjusted to pH 7 before use. 
When A3(sl) was examined, ion uptake showed a steady decrease from 20°C but 
limited binding still occurred at 60°C. Calcium binding, by the Rhizobium 
polymer was stable until 60°C, at which point there was a significant drop in ion 
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Figure 5.6: The effect of temperature on the uptake of Ca2+ by the R. meliloti 
polysaccharide. 
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binding. The Zoogloea polymer also showed a decrease in uptake at 60oC, but it 
appeared the most stable of the three polymers. 
5.5 EFFECT OF pH ON THE UPTAKE OF 1)IVALENT CATIONS 
The uptake of Ca2+ and Mg2+ was examined at pH 3, 5, 7 and 9. A general 
increase in uptake was observed as the alkalinity of the solutions increased 
(Figures 5.9 - 5.11). Different uptake patterns between the two ions was 
detected with the Zoogloea and the Rhizobium polymers. The uptake of Ca2+ 
steadily increased from pH 3 to pH 9 whereas the uptake of Mg2+ increased 
gradually until pH 7, after which there was little, if any, increase in uptake. At 
pH 3, the uptake could not he determined for all samples due to the high 
concentration of H+ affecting analysis by the ion chromatograph. 
5.6 DIALYSIS AGAINST TWO CATIONS IN CONSECUTIVE 
EXPERIMENTS 
These experiments involved initial dialysis against either Ca2+ or Mg2+. After 24 
hours, the dialysis sacs were removed and placed in solutions of the other 
divalent cation (at the same concentration of metal ions) to examine the 
strength of ion binding. In the case of A3(sl) and XM6, the binding strengths of 
both Mg2+ and Ca2+ appeared similar. With the Zoogloea polymer, Ca2+ was 
more strongly bound than Mg2+ hut with the Rhizohiuin polymer, all bound 
Ca2+ was displaced by Mg2+. The percentage values are shown in Table 5.7. 
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Figure 5.10: The effect of pH on the uptake of Ca2+ and Mg2+ by the Z. ramigera 
polysaccharide. 
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Figure 5.11: The effect of pH on the uptake of.Ca2+ and Mg2+ by the K meliloti 
polysaccharide. 
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Table 5.7: Percentage of initial ions in polysaccharide samples resistant to 
displacement by another divalent cation. 
Ca-Mg 	 Mg-sCa 
% Ca2+ remaining 	% Mg2+ remaining 
A3(sl) 	 85 	 80 
XM6 	 50 	 57 
Z. rwnigera 	29 	 4 
K meliloti 	0 	 60 
All polysaccharides were dialysed against 0.2 mg 100 ml -1 of each cation. 
5.7 DISCUSSION 
5.7.1 Heavy metal removal by polymers 
Due to the increasing problem of heavy metal contamination of waterways, 
research is being carried out into new mechanisms that could be employed to 
remove these pollutants. One idea that has received some attention is the use of 
biomass, and several research groups have concentrated on ion uptake by a 
range of bacterial components, such as extracellular polysaccharides and cell 
wall components. Biomass, and in particular, polysaccharide, already play 
important roles in controlling heavy metal pollution in the sewage treatment 
process and several studies have shown that the most important component in 
this process is the extracellular polysaccharide elaborated by many of these 
sewage organisms (Rudd et al., 1984b; Brown & Lester, 1982). 
Most studies have concentrated on the removal of toxic metals from water 
supplies. This study examined the uptake of monovalent cations, calcium and 
magnesium. Uptake of the above cations can give an idea about toxic metal 
removal capacities and when considering the use of extracellular 
polysaccharides in heavy metal adsorption it is important to consider the extent 
to which non-toxic, essential elements are removed from solution. 
There are many reports concerning heavy metal removal by polymers. 
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Mittleman & Geesey, (1985) found that exopolymers from freshwater sediment 
bacteria could bind 253 mnol Cu2 + mg-1 carbohydrate. Geesey et al., (1988) then 
looked at copper uptake by a polymer extracted from a river sediment 
bacterium. By using infrared spectroscopy they showed that the carboxyl groups 
of the polymer that primarily responsible for copper binding. McLean et al., 
(1990) examined the uptake of Cu, Al. Cr and Fe by a poly-y-D-glutamyl 
capsule from B. licheniformis. They found that binding was influenced by the 
chemical and physical properties of both the capsule and the metal ions. 
Another environmentally important toxic cation is cadmium. Scott et al., (1986) 
examined uptake of cadmium by P. putida and P. cruciviae which are mucoid 
and non-mucoid organisms respectively. The mucoid variant was capable of 100 
% metal removal under the conditions used, whereas the non-mucoid variant 
only removed 81 % of the metal from solution. These results show that although 
the polymer was important in ion removal, other cellular components were also 
involved. Scott & Palmer, (1988) also examined the role played by extracellular 
polysaccharide in removing cadmium from solution. They found that the 
polymer elaborated by Arthrobacter viscosus had a 2.3 fold greater cadmium 
accumulation capacity than an equivalent weight of cells and was 13.7 fold 
better than the non-mucoid organism A. globformis. 
5.7.2 Single Divalent ion uptake 
Each polymer tested in this study removed between 0.01 - 0.005 mg divalent 
cation per mg polysaccharide. The values are lower than those found for the 
algal alginate, but this can be explained by the greater linear charge density of 
the alginate, which attracts more cations (Matthews, 1960). According to the 
theoretical number of binding sites per mg polymer, both A3(sl) and XM6 had 
the greatest capacity to bind cations, followed by the Rhizobium polymer and 
the Zoogloea polymer. The results found here agree with the capacity of each 
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polymer to bind cations - A3(sl) and XM6 removed the greatest amount of Ca2+ 
and Mg2+, followed by the Rhizobium polymer and the Zoogloea polymer. 
The relatively low capacity for the Zoogloea polymer to bind ions in comparison 
to the other polymers was not expected due to the well documented fact that 
this floc-forming organism is capable of surviving and growing in the presence of 
high concentrations of toxic metals. Freidman & Dugan, (1968a) were one of 
the first groups to examine the capacity of the bacterium to remove heavy 
metals from solution. They found that the capsulate strain removed significantly 
more cobalt, copper, iron and nickel than a non-mucoid variant, although the 
non-mucoid variant could still concentrate a considerable amount of ions. This 
research group also examined calcium and magnesium uptake, and found that 
50 mg of purified polymer removed 3.5 mg Mg2+ and 7.6 mg Ca2+. When 
compared to the concentrations removed in this study they are very similar 
except for the preference for Mg2+ found in this study. Norberg & Persson, 
(1984) also examined ion uptake by Zoogloea biomass. They showed that the 
carboxyl groups were primarily involved in binding of the cations, whereas 
Brown & Lester, (1979), proposed that the hydroxyl groups of the glucose 
molecules were the most important component in ion binding. Kuhn & Pfister, 
(1989) examined the idea of encapsulating the Zoogloea organism in calcium 
alginates beads. They showed that the encapsulated organism could remove 
significant quantities of cadmium, zinc, manganese, lead, copper and strontium. 
Although results found in this study suggest that it has no greater capacity to 
remove calcium and magnesium than the other polysaccharides tested, it does 
not rule out the possibility, which has been shown by other research groups, that 
the polymer has a greater capacity to remove toxic metals. 
As mentioned in section 1.7, cations bind to electron donating groups in order 
to fill their outer shell. The most effective group is the carboxyl group, although 
oxygen atoms from hydroxyl groups are also weak electron donors. Cozzi et al., 
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(1969) noted that in the case of alginate, hydroxyl groups were also important in 
the formation of coordination bonds, which increased the stability of the ion - 
polymer complex. In general, anionic polysaccharides prefer to bind to cations 
of large ionic radii, but the affinity for magnesium fluctuates. Ion uptake by 
alginate samples showed a definite preference for larger cations over smaller 
ones (i.e. Sr > Ca > Mg) but when the number of moles of each cation 
removed in this study was examined, it appears that the polymers appear to 
prefer the smaller Mg2+ cation to the larger Ca2+ cation, although the 
importance of size could be determined more conclusively by the analysis of 
strontium uptake. It must be remembered, however, that the affinity for Mg2+ 
can fluctuate. McLean et al., (1990) examined calcium and magnesium uptake 
by a capsule elaborated by a strain of B. licheniformis. They found that Ca2+ and 
Mg2+ uptake was similar and suggested that ion binding depended on the 
capacity for the ions to permeate through the capsule. They explained that the 
lower than expected Ca2+ uptake was due to salt bridge formation between 
neighbouring molecules inhibiting ion saturation, whereas lack of salt bridge 
formation with Mg2+ allowed it to easily penetrate the polymer, resulting in 
saturation of binding sites. 
Results from single divalent ion uptake showed no conclusive results regarding 
the role of acetyl groups in ion binding. Deacetylation of the bacterial alginates 
lead to a significant increase in ion uptake, suggesting that the acyl group was 
involved in sterical inhibition. In the case of A3(sl), it is known that the acetyl 
groups are present on the exterior of the polymer double helix (Atkins et al., 
1987) and these groups affect the polymer - polymer association that leads to 
gelation. Perhaps the concentrations of both polymer and cation were too low to 
allow chain aggregation and thus the full inhibitory effect of the acetyl groups 
was not seen. No research has been performed concerning the presence of 
acetyl groups in the Zoogloea polymer, and in fact, this was the first noted 
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occurrence of acetyl groups in the polymer. The Rhizobium polymer was also 
acetylated but little is known of its 3-dimensional structure. The presence of 
acetyl groups in this polymer appears to stabilise the structure against the 
effects of heat. 
5.7.3 Competitive divalent ion uptake 
The calculated selectivity coefficients for the native polymers (except XM6) all 
showed a slight selectivity for calcium over magnesium (values were close to 
unity). Low coefficients suggest that the cations are binding by similar 
mechanisms. The coefficients could however change on an increase in polymer 
and ion concentrations. 
The polymers containing acetyl groups all showed a selectivity for calcium over 
magnesium, but once deacetylated, the selectivity for Mg2+ appeared greater 
than for Ca2+. The same was found with XM6 which naturally lacks acetyl 
groups. It thus appears that even at the low concentrations used, the presence of 
acetyl groups affected cation binding. The possibility that chemical 
deacetylation affected the binding sites is not really plausible due to the same 
uptake effect being observed with the naturally deacetylated XM6. The results 
suggest that removal of the acetyl group leaves a binding site more suitable for 
smaller divalent cations such as magnesium rather than the larger calcium ion, 
but when the alginate results are examined, deacetylation resulted in a 
preference for larger cations. Perhaps the presence of acetyl groups brings more 
electron donating groups into the vicinity of the binding site, thus allowing 
stronger binding of the larger calcium ion. The calcium ion has a greater 
capacity to bind to irregular geometries compared to magnesium. The presence 
of acetyl groups may cause an irregular geometry, allowing preferential calcium 
binding, but once deacetylated, Mg2+ binding is preferred. It must be 
remembered that the coefficients are close to unity, so this preference for one 
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ion over another is not great. Corpe, (1975) found a preference for Mg2+ and 
Cu2+ over Ca2+, Zn2+, Pb2+, CO2+ and Ni2+ when he studied ion uptake by the 
extracellular polymer secreted by P. atlantica. Unfortunately he gave no 
mention of the chemical structure of the polymer. There are several examples of 
acetyl groups altering the characteristics of a polymer. The best documented 
case is of the A3(sl) and XM6 polymers, which is studied here, but the presence 
of acetyl groups in a polymer called gellan produced by Pseudomonas elodea 
drastically affects its physical characteristics. The native acetylated polymer 
forms soft elastic gels but deacetylation leads to brittle gels (Moorhouse et al., 
1981). As with A3(sl), it is presumed that the acetyl groups prevent the polymer 
association necessary for gelation. 
5.7.4 Monovalent ion uptake 
The polymers removed less monovalent cations than divalent cations. This 
would be expected due to the smaller charge:radius ratio (polarising power) of 
the monovalent cations. When the number of moles removed is analysed it 
appears that lithium is taken up to the greatest extent by the polymers, although 
it has the smallest ionic radius, but if the number of milligrammes removed is 
examined, then the removal follows the expected pattern of ionic size, i.e. K > 
Na>Li. 
As with the divalent cation binding, both A3(sl) and XM6 appeared to have the 
greatest uptake capacity, followed by the Rhizobium polymer, then the Zoogloea 
polymer. 
No conclusive results could be obtained regarding the role of acetyl groups. 
Deacetylation of the Zoogloea polymer appeared to increase the amount of ions 
removed but deacetylation of the Rhizobium polymer produced a decrease in 
the uptake of potassium but no change in the other cations. Potassium is the 
largest monovalent cation, so perhaps, as with the divalent cations, 
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deacetylation decreases the capacity for large ions to bind. 
The selectivity coefficients for the competitive dialysis of the monovalent 
cations were all close to unity, again suggesting that there was no significant 
binding differences between the cations. It did appear that K+ had a greater 
binding affinity than Li+, the same results as were found with the alginate 
samples, but the other competition experiments showed varying results. Large 
coefficients occur when different ion binding mechanisms are involved. The low 
coefficients found here, possible suggest that the monovalent cations were 
binding by loose electrostatic interaction. When Seale et al., (1982) examined 
monovalent binding by alginates, they found that the monovalent cations could 
bind by more specific mechanisms, but this seems unlikely with the range of 
bacterial polymers tested here. 
No conclusive results were found with the deacetylated polymers, perhaps 
suggesting that the effect of acetyl groups does not solely depend the size of the 
ion. 
5.7.5 Competitive uptake of divalent and monovalent ions. 
When the polymers were dialysed against both monovalent ions and Ca2+, 
differences in selectivity were seen. Coefficients less than unity were found for 
the deacetylated polymers showing a disappearance in the expected preference 
for divalent ions over monovalent ones. It appears that a lack of acetyl groups 
switches the selectivity from calcium to monovalent cations. It is unlikely that 
the acetyl groups are playing any role in size inhibition because calcium ions are 
of intermediate size compared to the monovalent cations (Table 5.7). 
Table 5.8: The ionic radii of the cations used in this study. 
Ion 	 Ionic radius (nm) 
Na+ 	 0.095 
K+ 	 0.13 
Li+ 	 0.06 
Ca2+ 	 0.099 
Mg2+ 	 0.065 
When magnesium was dialysed with the monovalent cations the same results 
were seen - loss of selectivity with the samples lacking acetyl groups. There are 
many factors to consider when looking at ion binding and the preferences for 
some ions over others for various charged compounds still remains unclear. One 
important factor is the charge:radius ratio of the cation. When this is 
considered, cations such as Ca2+ and Mg2+ interact more strongly with anions 
than monovalent cations, but other factors such as geometry are also important. 
It appears that the polymers lacking acetyl groups have a binding preference of 
monovalents > Mg > Ca, the opposite of which was observed with the 
acetylated polymers. This suggests that the acetyl groups must play an important 
role in ion binding even when extensive polymer association is lacking. The 
reason for the change in binding selectivities does not appear clear cut. The 
Ca2+ - Mg2+ dialysis results are perhaps due to the acetyl groups stabilising 
calcium binding or perhaps the calcium ions can fit better into the binding site 
allowed by the presence of acetyl groups. The case of divalent - monovalent 
dialysis appears more complicated. It is very unusual to find selectivity for 
monovalent cations over divalent ones, but in this case, it appears that the size 
of the cation is not seem as important as the valency. 
The actual mechanisms of the ion binding to these polymers are unknown. The 
cations may be binding electrostatically or perhaps specifically. The structure of 
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the divalent binding complexes are also unknown. The cations could form 
monodentate complexes with the polymer or form salt-bridges with adjacent 
polymer molecules. Perhaps if more was known about the actual binding 
mechanisms, a clearer explanation for the differences observed could be 
obtained. 
5.7.6 The effect of temperature on calcium binding 
With the three polymers tested, an increase in temperature produced a decrease 
in calcium uptake, with A3(sl) appearing most sensitive to the heat. As a 
comparison, the effects of heat on the viscosity of the Rhizobium and Zoogloea 
polymer were examined in section 3.3.4. In this section, an increase in the 
temperature of the Rhizobium polymer above 60oC brought about a transition 
from an ordered to a disordered state due to breaks in the main chain of the 
polymer (Gravinis et al., 1987). This could also result in changes in the ion 
binding sites. The presence of acetyl groups, however, stabilises the polymeric 
structure, and increases the transition temperature (Fidanza et al., 1989). In 
agreement with the viscosity studies, Ca2+ binding by the Rhizobium polymer 
was stable until a temperature of 50oC, suggesting that the transition from 
ordered to disordered structure occurred around 55°C. The A3(sl) molecule 
contains two polymer chains wrapped together to form a double helix (Atkins et 
al., 1987). An increase in temperature could thus cause a dissociation of these 
chains and thus an alteration in binding sites. The effects of temperature on 
uptake by the XM6 polymer was not tested but it is known that it is sensitive to 
the effects of heat and shows a transition from order to disorder at 
approximately 30°C, significantly lower than the succinoglycan transition at 
55°C. The gels melt over a small temperature range and as with the Rhizobium 
polymer, the T. increases with increasing ionic strength (Nisbet et al., 1984). As 
A3(sl) is incapable of gelation, this transition from order to disorder would not 
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be seen. The polymer, however, still seemed very sensitive to the effects of heat. 
The Zoogloea polymer also showed a decrease in calcium uptake at 60°C, but it 
was smaller than that seen by the Rhizobiurn polymer. Physical analysis of this 
polymer showed it to exist as a gel rather than a true polymer solution. When 
the change in viscosity was measured with an increasing temperature, the 
viscosity increased, suggesting that the polymer was becoming more gel like. 
Perhaps the decrease in ion uptake at 60oC was due to increasing viscosity 
inhibiting the flow of Ca2+ into the polymer. The effect of temperature on ion 
uptake was also examined by Sag & Kutsal, (1989), who looked at Cr2+ and 
Cd2+ uptake by Z. ramigera biomass. They found that maximum uptake 
occurred at 20°C, with a rapid decrease in uptake above this temperature. Other 
cellular components were obviously important here, which perhaps were more 
sensitive to heat than the polymer. 
5.7.7 The effect of pH on ion uptake 
An increase in pH produced an increase in ion binding, a result which was also 
found with the alginates in section 4.5. Differences were seen in the calcium and 
magnesium uptake suggested that they were affected differently by pH. This 
effect was seen more clearly by Sag & Kutsal, (1989) who examined the uptake 
of Cd2+ and Cr2+ by Zoogloea at different pH values. They found that maximum 
Cr adsorption occurred at pH2, whereas the maximum Cd adsorption was at 
pH6. They used dead biomass, so the results would perhaps differ from purified 
polymer. At low pH values, there is a high concentration of protons competing 
for the same anionic sites on the polymer as the divalent cations. The mass of 
protons leads to their preferential binding and thus divalent cation binding is 
low. As the pH increases, the H+ concentration falls, and the cations can 
compete to a greater extent at the binding sites. Ferris et al., (1989) studied the 
uptake of a range of metals at pH 3.1 and pH7 by biofilms obtained from 
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contaminated mine wastes. Uptake of the toxic metals was 12 fold greater at pH 
7 than at pH 3.1. 
5.7.8 Dialysis against two cations in consecutive experiments 
As with the alginates, these results show that the ions were loosely bound, 
although the type of bonding is unknown. A3(sl) appeared to have a stronger 
affinity for the cations than XM6, perhaps due to the acetyl groups. The 
Zoogloea polymer appeared to exchange cations very readily as did the 
Rhizobium polymer, suggesting that perhaps only one binding site was involved, 
in which the ion binding was not very specific. 
CHAPTER SIX 
THE EFFECTS OF HEAVY METALS ON THE GROWTH OF BACTERIA 
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6.1 GROWTH OF BACTERIA ON SOLID MEDIA WITH ADDED CATIONS 
Filter paper discs soaked in various concentrations of metal salts were placed in 
the centre of duplicate solid media plates. A disc soaked in water was used as 
the control. After incubation, the sizes of the zones of inhibition were noted. 
The effect of increasing metal concentrations on the bacteria can be seen in 
Figures 6.1 - 6.9. Difficulties in analysing the results occurred due to problems 
with precipitation and solubility of the metal salts and the different media used 
to grow the various bacteria. A change in polysaccharide production was noted 
when R. meliloti was grown in the presence of ZnCl 21  with increasing polymer 
production occurring around the zones of inhibition. 
Both mucoid and non mucoid organisms were used in this study although only 
the mucoid and non-mucoid variants of P. aeruginosa were isogenic. When K 
aerogenes type 54 strain A3 (A3), K aerogenes type 8 strain A4 (non-mucoid) 
(A4) and the Enterobacter (XM6) were analysed, A4 proved most sensitive to 
Cu2+ but showed no significant difference in sensitivity to Zn. When CO2+ was 
added to the plates in increasing concentrations, similar zones of inhibition 
were seen for all three bacteria. The sizes of the zones suggested a high 
sensitivity to the added CO2+. Both A3 and A4 showed identical inhibition 
patterns to Ni2+, with XM6 appearing the most sensitive. There appeared to be 
no difference between the mucoid and non-mucoid strains. The order of 
sensitivity was Co> Ni> Cu> Zn. 
When the mucoid and non-mucoid variants of P. aeruginosa strain B were 
examined, the non mucoid variant seemed slightly more sensitive to Cu2+ than 
the mucoid form, whereas both were relatively resistant to the effects of Zn2+. 
Similar zones of inhibition were seen with CO2+ and Ni2+. The Pseudomonas 
strains appeared more sensitive than the Enterobacteriaciae strains. The order of 
sensitivity was Ni > Co> Cu> Zn. 
Z. ramigera showed very little growth inhibition in the presence of heavy metals. 
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Figure 6.1: Zones of inhibition (mm) produced when K aerogenes type 54 strain 
A3 was grown in the presence of different concentrations of metal salts. 
1 	 10 	 100 	 1000 
salt concentration (mM) 
- CUS04 ---- CoC1 	-- ZnC12 —s— NiC12 
Figure 6.2: Zones of inhibition (mm) produced when Enterobacter 11870 was 
grown in the presence of different concentrations of metal salts. 
1 	 10 	 100 	 1000 
salt concentration (MM) 
- CuSO4 	CoC12 --- ZUC12 	9 NiC12 


















Figure 6.3: Zones of inhibition (mm) produced when K aerogenes type 8 strain 
A4 was grown in the presence of different concentrations of metal salts. 
1 	 10 	 100 	 1000 
salt concentration (MM) 
- CUS04 - 1 -- CoC12 	—*-- ZnC12 —s-- NiC12 
Figure 6.4: Zones of inhibition (mm) produced when Pseudomonas strain B was 
grown in the presence of different concentrations of metal salts. 
1 	 10 	 100 	 1000 
salt concentration (mM) 
CuSO4 —i--- CoC12 	—— ZnC1 	__ NiCl 
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Figure 6.5: Zones of inhibition (mm) produced when P. aeruginosa strain B 
(non-mucoid) was grown in the presence of different concentrations of metal 
salts. 
1 	 10 	 100 	 1000 
salt concentration (mM) 
- CuSO4 ----- CoC12 -E-- ZnCl2 	—s-- NiC12 
Figure 6.6: Zones of inhibition (mm) produced when A. vinelandii 206 was grown 
in the presence of different concentrations of metal salts. 










1 	 10 	 100 	 1000 
salt concentration (mM) 
- CUS04 —i-- CoC12 —*-- ZUCI2 _- NiC12 









0.1 1 	 10 	 100 	 1000 
salt concentration (mM) 
- CUS04 —4-- CoC12 --- ZnC12 	- NjC1 
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Figure 6.7: Zones of inhibition (mm) produced when A. vinelandii strain UW 
was grown in the presence of different concentrations of metal salts. 
1 	 10 	 100 	 1000 
salt concentration (mM) 
- CuSO4 —4-- CoC12 —*— ZnC12 	- NIC12 
Figure 6.8: Zones of inhibition (mm) produced when K melilori strain YE-2 was 
grown in the presence of different concentrations of metal salts. 









Figure 6.9: Zones of inhibition (mm) produced when Z. ramigera Z11941 was 
grown in the presence of different concentrations of metal salts. 







0.1 	 1 	 10 	 100 	 1000 
salt concentration (mM) 
- CuSO4 	i COC12 	—*-- ZnC12 	-G- NiCl2 
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It appeared most sensitive to Ni2+. Th e order of sensitivity was Ni > Co > Cu 
=Zn. 
A different medium was used for the 1?. meliloti strain. It appeared very sensitive 
to Cu2 +, CO2+ and Ni2+, with the zones of inhibition being similar in size for all 
three metals. The organism showed a definite sensitivity to Zn2+, greater than 
seen with the previous organisms, but still less than the other three metals 
studied. These differences may be due to increased solubility of the cations in 
the different medium. 
The two strains of Azotobacter were also grown on a different medium. The 
strains appeared more sensitive than the other bacteria analysed although 
comparison was again difficult due to the differences in the media used. The 
zones of inhibition for both Zn2+ and Ni2+ were very similar for the two bacteria 
but the non-mucoid strain (UW) was more sensitive to CO2+ and Cu 2 +. The 
order of sensitivity for both strains was Ni > Co > Zn> Cu. 
6.2 THE EFFECTS OF METALS SALTS ON THE GROWTH OF BACTERIA 
IN LIQUID CULTURE 
The same bacteria were grown in the presence of a range of concentrations of 
metal salts in liquid media to determine the maximum ion concentration that 
would permit growth. These concentrations are shown in Table 6.1 and the 
effects of some of the cations on the growth behaviour of the bacteria are shown 
in Figures 6.10 - 6.17. 
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Table 6.1: The maximum concentrations of metal salts that would permit growth 
of a range of bacteria. 
Organism 	maximum concentration supporting growth (mM) 
CuSO4 	CoC12 	ZnC12 	NiC12 
Enterobacter 10 0.1 10 0.1 
K aerogenes A3 10 0.1 10 0.1 
KaerogenesA4 0.01 0.1 10 0.1 
P. aeruginosa B 1 0.5 10 0.05 
P. aeruginosa B 1 1 10 0.1 
(non-mucoid) 
A. vinelandii 206 0.1 1 1 0.01 
A. vinelandiiUWO 0.1 0.1 0.5 0.01 
I?. meliloti 0.01/1 1 5 0.01/.5 
Z ralnigera 0.01 0.5 10 0.01 
When the three Enterobacteriaciae strains were grown with the heavy metals, the 
maximum concentration that would support the growth of all three strains was 
the same for CO2+, Zn2+ and Ni2+. A difference occurred when Cu2+ was 
present. Both A3 and XM6 grew in 10 mM CuSO4, whereas the maximum for 
A4 was only 0.01 MM  CuS042+. The final growth yield for both A3 and XM6 
with the added copper differed very slightly from the control flask although A3 
had a lower growth rate than XM6. A4 showed a decrease in the final turbidity 
compared to the control. When CoC1 2 was added to the flasks, A3 appeared 
most sensitive to the high concentrations (a long lag phase before growth) 
whereas A4 showed a decrease in bacterial numbers as the cobalt concentration 
increased. The lag phases for A4 were less than for A3 and XM6. All three 
showed a decrease in growth rate. The presence of Zn2+ in the growth medium 
of A3 (Figure 6.10) and A4 (Figure 6.11) produced a gradual decrease in final 
Figure 6.10: Growth curves of K aerogenes A3 in the presence of increasing 
concentrations of ZnC1 2. 






0 	10 	20 	30 	40 	50 	60 
TIME (Hrs) 
- 10 MM ZnC12 -~- 5 mM ZnC12 	-*-- 1 mM ZnC12 
- 0.5 mM ZnC12 —u-- No added ions 
Figure 6.11: Growth curves of K aerogenes A4 in the presence of increasing 
concentrations of NiC1 2. 
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Figure 6.12: Growth curves of P. aeruginosa B in the presence of increasing 
concentrations of ZnC1 2 . 
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) 	10 	20 	30 	40 	50 	60 	70 
TIME (Hrs) 
10 mM ZnC12 —4— 5 MM ZnC12 	—*— 1 MM ZnC12 
° 0.5 mM ZnC12 -- No added ions 
Figure 6.13: Growth curves of P. aeruginosa B (non-mucoid) in the presence of 
increasing concentrations of CoC1 2 . 
o 	---- 
O 20 	40 	60 	80 	100 120 140 160 180 200 220 
TIME (Hrs) 
1 MM COC12 	-4- 0.5 mM CoC12 -*-- 0.1 HIM CoC12 
- 0.05 MM CoCl2 --- 0.01 MM CoCl2 -e-- No added ions 
















Figure 6.14: Growth curves of A. vinelandii 206 in the presence of increasing 
concentrations of ZnC1 2. 
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) 	20 	40 	60 	80 	100 	120 	140 	160 
TIME (Hrs) 
- 1 HIM ZnC12 	0.5 mM ZnC12 -*-- 0.1 mM ZnC12 
—s-- 0.05 MM ZnC12 —u— No added ions 
Figure 6.15: Growth curves of A. vinelandii UW in the presence of increasing 
concentrations of ZnC1 2 . 
) 	20 	40 	60 	80 	.100 	120 	140 	160 
TIME (Hrs) 
0.5 MM ZnC12 -4- 0.1 mM ZnC12 -a-- 0.05 mM ZnC12 
- 0.01 mM ZnC12 --- No added ions 
Figure 6.16: Growth curves of R. nwliloti in the presence of increasing 
concentrations of CuSO 4 . 
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-G- 0.05 MM CuSO4 -- 0.01 mM CuSO4 	0.005 mM CuSO4 
No added ions 
Figure 6.11: Growth curves of R meliloti in the presence of increasing 
concentrations of NiCl 2. 
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turbidity as the Zn2+ concentration increased. A4 appeared most sensitive to 
Ni2+ but in all three cases, growth decreased as concentration increased. At the 
highest nickel concentration, the three strains all showed long lag phases. 
Addition of high concentrations of copper and zinc to the medium resulted in 
precipitation of the ions, so conclusions about toxicity must be carefully 
considered. 
The two Pseudomonas strains grew in similar salt concentrations. With 1 mM 
CuSO4, the mucoid form showed a longer lag phase and both organisms showed 
a slight decrease in final cell yield. The growth of the non-mucoid form was 
drastically affected by CO2+ - the final turbidity was very low compared to that 
found in the absence of cobalt. Cobalt only affected the lag phase of the mucoid 
strain. The non-mucoid form showed a gradual decrease in final turbidity as the 
Zn2+ concentration increased, whereas a low concentration of zinc affected 
growth of the mucoid form to the same extent as a higher zinc concentration 
(Figures 6.12 and 6.13). The mucoid bacterium appeared slightly more sensitive 
to Ni2+ and the ion appeared to affect the length of lag and growth rate but not 
the final number of bacteria. 
No significant difference (except 206 grew in a 10 fold higher concentration of 
CoC12 than UW) was noted between the mucoid and non-mucoid variants of A. 
vinelandii. The non-mucoid form showed greater lag phases than the mucoid 
form in the presence of Cu2+ and Zn2+ and the final number of bacteria was 
depressed when Zn2+ was present (Figures 6.14 and 6.15). Cobalt affected both 
strains by causing an increase in lag and a decrease in the growth rate. It also 
affected final cell numbers. Similar curves were seen for both bacteria when 
nickel was present. A slight decrease in the final turbidity of the non-mucoid 
form was observed as the nickel concentration increased. 
When K meliloti was grown with added copper and nickel, both ions had a 
similar effect upon the bacterium. At low metal concentrations, the growth of 
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the bacterium was not affected, but as the concentrations increased, the amount 
of growth substantially decreased and the bacterium isolated from the culture 
appeared non-mucoid (Figures 6.16 and 6.17). The presence of cobalt produced 
a small decrease in the final turbidity of the bacterium and a slight lag was seen 
before the exponential phase began. The presence of Zn2+ did not affect 
turbidity but a longer lag phase was noted with the highest concentration of 
Zn2 + 
Accurate growth curves could not be obtained for Z. rwnigera due to its 
flocculant growth although the maximum concentration of ions that would 
permit growth was determined. The bacterium appeared sensitive to low 
concentrations of copper and nickel but was more resistant to cobalt and zinc. 
When the sensitivities of each organism were examined, the sensitivity towards 
Ni > Co > Cu > Zn. This same order of sensitivity was found when the 
bacteria were grown on solid media. The two Azotobacteriaciae appeared the 
most sensitive organisms in both solid and liquid medium whereas the 
Enterobacteriaciae and two Pseudomonas strains appeared highly resistant in 
liquid medium. A difference in sensitivity was noted for Z. ramigera when 
growth on liquid and solid media was compared. It appeared very resistant on 
the solid medium but the sensitivity increased in liquid culture. 
6.3 INCREASING BACTERIAL TOLERANCE TO HEAVY METALS 
This section examined the tolerance that a particular bacterium could develop 
to a metal. Once growth was initiated in a particular metal concentration, a 
sample of cells was removed and added to growth medium containing a higher 
concentration of metal. This continued until no further growth occurred and the 
results are shown in Table 6.2. 
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Table 6.2: The maximum tolerance levels developed by bacteria used in this 
study. 
Organism maximum concentration supporting growth (mM) 
CuSO4 CoC12 ZnCl2 NiC12 
Enterobacter 10 10 10 1 
K aerogenes A3 10 10 10 1 
K aerogenes A4 10 10 10 1 
P. aeruginosaB 10 10 10 10 
P. aeruginosa (nm) 10 10 10 10 
A. vinelandii 206 1 1 5 0.01 
A. vinelandii UW 5 5 5 0.01 
K meliloti 1 1 10 5 
Z. rwnigera 1 1 10 0.5 
The three Enterobacteriaciae strains showed no difference in tolerance levels 
even though A4 was non-mucoid. The organisms could grow in 10 MM copper, 
cobalt and zinc salt, although at these concentrations significant precipitation of 
the metals were seen. The organisms could only tolerate 1 mM NiCl 2. Both 
Pseudomonas strains grew to tolerate 10 mM of each salt, concentrations 
significantly higher than the original values. 
The non-mucoid Azotobacter appeared to develop greater tolerance to the 
metals than the mucoid form, although both showed significant increases in the 
capacity to grow in higher metal concentrations. Neither organism showed an 
increased tolerance to nickel. The two strains appeared more sensitive than the 
Enterobacteriaciae and Pseudomonas strains, although different media was used 
to culture the Azotobacter strains. 
K melioti was capable of growing in higher concentrations of zinc and nickel 
and only mucoid variants were found. The Zoogloea strain was capable of 
growing in higher concentrations of all metals except zinc, but the maximum 
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concentrations were still lower than those found for the Enterobacteriaciae and 
the Pseudomonas strains. 
6.4 DISCUSSION 
6.4.1 The effects of growth media on the toxicity of heavy metals 
All organisms grown on solid media showed a sensitivity to heavy metals and 
the zones of inhibition increased in size as the ion concentration increased. Few 
quantitative results can be obtained from the experiments due to the use of 
different media and the presence of various chelating agents in each medium. 
Due to problems associated with growth media, several reviews have now been 
published concerning speciation and chelation problems (Gadd & Griffiths, 
1978; Babich & Stotzky, 1980; Hughes & Poole, 1991). 
One major problem with using growth medium to analyse heavy metal toxicity is 
the presence of chelating agents in the growth medium. Natural compounds 
such as yeast extract and casamino acids act as good chelating agents and thus 
decrease the free concentration of metals in solution. MacLeod et al., (1967) 
found that the addition of 1% yeast extract to the growth medium inhibited the 
toxic effects of copper on K aerogenes. The concentration of the divalent cation, 
magnesium, may also play a significant role in determining heavy metal toxicity. 
Abelson & Aldous, (1950) examined the toxicity of nickel and cobalt on K 
aerogenes and E. coli and found that the toxic effects of both metals could be 
significantly decreased by the addition of magnesium. This effect was also noted 
by Webb, (1970) who showed that K aerogenes, E. coli and B. subtilis developed 
resistance to cobalt and nickel if the magnesium concentration was sufficiently 
high. All three cations are taken up into the cell by the magnesium transport 
system. Resistance develops due to decreased uptake of all three cations and 
this depends on the concentrations of heavy metals and magnesium. The greater 
the magnesium concentration, the less heavy metals are taken up by the cell. 
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The pH of a medium must also be considered when analysing metal toxicity due 
to the formation of different hydroxylated species, each with different toxicities. 
Generally, an acidic pH increases the availability of the metal ions due to their 
existence as free ionic forms, but as the pH increases, availability decreases due 
to the metals precipitating as insoluble hydroxides or oxides. Nickel toxicity 
appears to decrease as the pH rises, as is the case with copper and zinc which 
form insoluble hydroxides at high pHs. In some cases, as the pH increases, the 
toxicity of the cations also increases. The reasons for this were discussed by 
Babich & Stotzky, (1980) who suggested that as the pH increased, divalent 
cations were converted to monovalent species which can penetrate the cell 
membrane to a greater extent. They also suggested that at low pH values (high 
H+) hydrogen ions compete for binding sites on the cell surface and thus 
decrease the toxicity of the added metal. As the pH increases, the competitive 
antagonism decreases and the toxic metals bind more readily. 
Other ionic species, both cationic or anionic can affect the toxicity of heavy 
metals. Anions such as hydroxide ions, phosphate and bicarbonate ions decrease 
the toxic effects of a metal by precipitating the added cation. Phosphate buffer, 
for example, was found to protect K aerogenes against the toxic effects of 
copper (Zevenhuizen et al., 1979). In some cases, the inhibitory effects of a 
metal have been found to be due to the complexation of the metal with 
phosphate ions, leading to a limited nutrient situation and the toxicity solely 
being due to the lack of phosphate. The apparent toxicity of lead to fungi and 
algae can be attributed to this type of complexation (Ross, 1975; Schulze & 
Brand, 1978). The anionic sites on a bacterial cell wall can also complex heavy 
metals and thus also influence toxicity by binding to the metal and removing it 
from solution. The presence of extracellular polysaccharide has been found to 
influence to toxicity of copper and cadmium on bacterial cells (Bitton & 
Freihofer, 1978) and thus the protective effect of extracellular polysaccharide 
was examined in this study. 
6.4.2 The effects of metal salts on the growth of bacteria in solid culture 
The solid growth medium used for the Enrerobacteriaciae, the two Pseudomonas 
strains and Z. ramigera contained small concentrations of yeast extract and 
casamino acids which might affect the toxicity of the metals. They did not, 
however, completely negate the toxic effects. Even at high salt concentrations, 
where some precipitation occurred, the inhibitory effects of the metals still 
increased as the metal concentration increased. No protective effects were 
found for those bacteria producing extracellular polysaccharides. Only the two 
Pseudomonas strains were isogenic, so the protective effects of polysaccharide 
on the non-isogenic strains are difficult to determine. Both A3 and XM6 were 
copious polysaccharide producers but presumably A4 had other resistance 
mechanisms able to confer comparable resistance to A3 and XM6. 
Z ra?nigera has been quoted in literature as an efficient metal adsorbent 
(Freidman & Dugan, 1968a; Norberg & Persson, 1984). It accumulates cations 
by adsorption onto its tightly bound anionic capsule (Freidman & Dugan, 
1968a). In agreement with these results, the Zoogloea used here appeared the 
most tolerant organism on solid medium. 
The Rhizobium strain was grown on a medium contained significantly less 
phosphate than the above organisms, (although the medium did contain 
carbonate ions). The Rhizobium strain was more sensitive than the above other 
organisms tested but it is difficult to determine whether it is intrinsically more 
sensitive or whether there are less chelating and precipitating agents in the 
medium. The two Azotobacter strains also appeared very sensitive to the metals 
tested. The medium used to grow these organisms also contained a lower 
amount of phosphate compared to the yeast extract medium. Again, the lack of 
phosphate could result in higher sensitivity or the highly sensitive nitrogenase 
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enzyme complex is inhibited by the presence of these cations. Den Dooren de 
Jong, (1971) studied the effects of 51 different inorganic salts on three 
Azotobacter strains and in agreement with this study, he found that copper, 
cobalt, zinc and nickel all showed a high toxicity and that the toxicity of Ni > Co 
>Zn>Cu. 
6.4.3 The effects of metal salts on the growth of bacteria in liquid culture 
When the organisms were grown in liquid medium, three basic effects were seen 
- an increase in the lag phase, a decrease in the growth rate and a decrease in 
final bacterial numbers. The most pronounced effect was the increase in the lag 
phase which, in the case of K aerogenes A4 (Figure 6.11) was up to 50 hours for 
high concentrations of nickel. This effect on growth was also noted by Norberg, 
(1983) when he studied the effects of toxic metals on the growth of Z. ramigera. 
Toxic metals appear to be affecting the organisms in different ways and in some 
cases the organisms appear to require a certain time to modify their metabolism 
before growth can commence. In other cases, growth can occur immediately 
suggesting that the ion is not causing serious inhibition, but does affect final cell 
numbers. The idea that perhaps the ion is complexing with a necessary nutrient 
(for example, phosphate) and thus causing a limiting condition cannot be ruled 
out. 
The organisms grown on solid yeast extract medium were grown in a different 
liquid medium. The liquid medium contained no yeast extract or casamino acids 
and the phosphate level was lower. The only apparent difference in sensitivity 
between the three Enterobacteriaciae strains was a 1000 - fold difference in 
sensitivity between the mucoid A3 and XM6 and the non-mucoid variant A4 
with added copper. Copper is a strong Lewis acid and binds very tightly to 
anionic species. As noted by Britton & Freihofer, (1978), the polysaccharide 
produced by A3 and XM6 could be protecting against the inhibitory effects of 
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copper by adsorbing the copper ions so strongly that the ion could not enter the 
cell. When studying the toxic effects of copper, Zevenhuizen et al., (1979) found 
cell wall damage, lysis and decreased division in both Kiebsiella and 
Pseudomonas. They also noted that the inhibitory effects of copper depended, to 
a great extent, on the free copper ion concentration. Sensitive strains of K 
aerogenes were inhibited by 10-8 to 10-6 M copper but in complex media, higher 
concentrations were tolerated. When Schreiber et al., (1985) examined the toxic 
effects of copper on a marine vibrio, they found that the ion inhibited 
respiration. Respiratory chain injury was also found when Domek et al., (1984) 
looked at copper poisoning of coliforms found in drinking water. They 
suggested that the copper was binding to the thiol groups of respiratory enzymes 
situated near the cell surface and once bound were inhibiting their function. 
Cobalt and nickel appeared more toxic than copper and zinc for the 
Enterobacteriaciae, but at the high concentrations of copper and zinc used, a 
definite precipitate could be seen at the start of the experiment. After growth 
had started, the ions appeared to be "mopped up" by the polysaccharide. 
The production of polysaccharide did not appear to have any protective effects 
on the Pseudomonas strains although polysaccharide production was limited in 
the medium used. Strain sensitivities were similar to the Enterobacteriaciae 
although they were more sensitive to copper and more resistant to cobalt. 
Cobalt appeared highly toxic to the growth of the non-mucoid form. The final 
growth yield was very small suggesting a serious cytostatic effect. Cobalt 
appeared to be one of the most toxic ions in this study. Blundell & Wild, 
(1969a) found that cobalt caused an inhibition of protein synthesis compared to 
RNA synthesis and cobalt inhibition has been likened to that of 
chioramphenicol inhibition. Further analysis by Blundell & Wild, (1969b) 
showed that three species of presumed ribosomal RNA precursors were found 
during incubation with cobalt which differed slightly from the expected 
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ribosomal precursors. They suggested that the precursors were formed as a 
consequence of oversynthesis of RNA relative to protein and suggested that 
cobalt toxicity involves specific inhibition of protein synthesis. Jasper & Silver, 
(1977) also examined cobalt binding and found that it bound irreversibly to 
ribosomes and displaced magnesium from its binding sites. The lack of growth 
in the non-mucoid strain was perhaps due to significant inhibition of protein 
synthesis. 
The two Azotobacter strains showed similar growth patterns, although lag phases 
were slightly longer with the UW strain. Both organisms were again more 
sensitive than the Enterobacteriaciae and the Pseudomonads. The Rhizobium 
strain was also very sensitive to heavy metals in liquid culture and unusual 
results were observed with copper and nickel. At a certain concentration, the 
mucoid phenotype was lost and the non-mucoid form was able to continue to 
grow at higher concentrations. An interesting paper by Casella et al., (1988) on 
Rhizobium leguminosarum biovar trifolii showed that removal of the organism's 
mega-plasmid (necessary for polymer production and symbiotic properties) was 
linked with an increased resistance to cadmium, chromium and copper. Perhaps 
with this strain of R. meliloti, a non-mucoid phenotype is also associated with 
increased metal resistance. 
Z. ramigera appeared more sensitive to metals in liquid medium compared to 
solid medium. Norberg, (1983) looked at the growth curves of Z. ramigera in 
medium containing cadmium, cobalt, zinc or uranium. He found a prolonged lag 
phase and a decreased growth rate which was proportional to metal 
concentration for all metals except uranium. He found that the toxicity of Cd = 
Zn > Co and suggested that a decrease in growth rate showed that Zoogloea 
was responding to environmental changes by altering its cellular metabolism. 
The results of this study differ from those found by Norberg, perhaps due to 
phosphate precipitation of the added zinc, a reaction which was inhibited in 
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Norberg's study by the addition of glycerophosphate instead of inorganic 
phosphate. Zinc appears to cause its toxic effects by interacting with sulphydiyl 
groups on proteins and by binding to components of the electron transport 
system (Singh & Bragg, 1974; Kleiner, 1978). Kleiner studied the toxic effects of 
a range of metals on A. vinelandii and found that all the metals inhibited 
NADH, NADPH, succinate and lactate oxidation but zinc was the most potent. 
The presumed site of inhibition in rat liver mitochondria is located between 
ubiquinone and cytochrome b (Kleiner & von Jagow, 1972) and zinc appears to 
affect both the respiratory chain and the energised state of membranes. 
Nickel appeared to be a highly toxic metal in this study. Cobet et al., (1970) 
found that the addition of nickel to the growth medium of Arthrobacter marinus 
caused a long lag phase before growth was initiated and noted that the ion 
appeared to affect cell division. Babich & Stot2ky, (1983) reviewed the toxic 
effects of nickel on microorganisms and stated that nickel inhibited growth in 
eubacteria, actinomycetes, cyanobacteria, yeasts, filamentous fungi, protozoa 
and algae. It prolongs the lag phase of growth, inhibits the formation and 
germination of fungal spores, induces abnormal morphological developments, 
affects RNA and DNA synthesis, photosynthesis, nitrogen fixation and 
respiration. Sigee & AI-Kabaee, (1986) recently studied the toxic effects of 
nickel on Pseudomonas tabaci and found that it affected cell division and 
viability and caused a decrease in the internal potassium concentration. From 
these results, they suggested that the primary mode of action of the metal was to 
affect directly the transport capability of the cell membrane. This effect then 
causes metabolic problems which leads to growth inhibition and plasmolysis. In 
this study, all bacteria grown with added nickel (except K meliloti) showed long 
lag phases, whereas an increased lag did not always occur with the other toxic 
metals. 
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This study found that the toxicity of Ni > Co > Zn> Cu. When Bowman et al., 
(1990) analysed the sensitivities of methanogenic bacteria to heavy metals, he 
found that the toxicity of copper was greater than that of zinc and when 
Duxbury, (1981) examined the toxicity of a range of heavy metals on soil 
bacteria he found that the toxicity of Cu > Ni = Zn. Abbas & Edwards, (1989) 
looked at the effects of heavy metals on the soil bacteria, Streptomyces and by 
using a plate diffusion assay, found that the toxicity of Co > Zn > Ni> Cu. It is 
difficult to compare the toxicities of different metals found by various authors 
due to the different growth conditions used to culture the various organisms. An 
example of this large variation is given in an overview of metal resistance values 
by Trevors et al., (1985). 
6.4.4 Bacterial tolerance to heavy metals 
All organisms were capable of growing in higher metal concentrations once 
tolerance had developed. In some cases it took about 7 days before growth in a 
higher metal concentration could he detected. There was no apparent 
difference in the final tolerance levels between the Enterobacteriaciae and the 
two Pseudomonas strains and they showed the highest tolerance levels. It was 
expected that Z. ramigera would be the most resistant organism but it appeared 
less resistant than the above organisms. The organisms used in this study had all 
been cultivated on artificial media for many years, perhaps with the loss of 
specific resistance mechanisms. It is difficult to suggest that these patterns of 
inhibition would occur in fresh environmental strains. Dean-Ross, (1990) 
examined the tolerance that could be developed by bacteria after exposure to 
zinc. Low levels of zinc inhibited growth of the organisms for approximately 
three weeks after which the organisms developed tolerance and showed 
recovery to the normal growth pattern. Once tolerant to a certain zinc 
concentration, the organisms were capable of growing in higher concentrations. 
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Bacteria growing in natural habitats contaminated with heavy metals appear to 
have developed tolerance to elevated levels of metal. When these resistance 
patterns are analysed, antibiotic resistance seems to be a common occurrence 
along with heavy metal tolerance. Calomiris et al., (1984) examined bacterial 
isolates from treated water systems and found high levels of copper, lead and 
zinc resistance along with multiple antibiotic resistance and when Duxbury & 
Bicknell, (1983) examined a contaminated soil habitat, they found that the 
major metal tolerant group was the Gram-negative bacteria and these bacteria 
often showed multiple drug resistant. This tolerance or resistance may be 
controlled chromosomally, by genes on plasmids or by transposons. Plasmid 
mediated metal resistance is environmentally more important due to the 
capacity for rapid spread of the resistance. Copper is common in the 
environment and is also used industrially and by agriculture. Several resistance 
mechanisms have thus been found. The most thoroughly researched copper 
resistant plasmid is the one found by Bender & Cooksey, (1986) in strains of 
Pseudomonas syringae pv. tomato. It is now known that the resistance 
determinant is composed of four open reading frames, of which two are 
necessary for full copper resistance (Mellano & Cooksey, 1988a). Tetaz & Luke, 
(1983) also found a copper resistance plasmid in a strain of E. coli isolated from 
pig effluent after treatment with CuSO 4. Transconjugant strains containing this 
plasmid increased their copper resistance from 4 mM to 20 mM Cu. Rouch et 
al., (1985) examined this plasmid in more detail and found that cells containing 
this plasmid accumulated less copper than cells lacking the plasmid. They 
proposed that resistance occurred by the production of an intracellular binding 
protein coupled with a copper efflux mechanism. Foster, (1977) also found a 
copper exclusion mechanism in Chiorella vulgaris. Few concrete facts are known 
about resistance to nickel, cobalt and zinc, although Nies et al., (1987) isolated a 
plasmid from Alcaligenes eutrop/zus which conferred multiple resistance to 
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cadmium, zinc and cobalt. Transferable resistance factors to mercury, cobalt 
and nickel have also been found by Smith, (1967) in clinical isolates of E. coli 
and S. typhimurium. He found that isolates could tolerate 3 x 10-3 mol 1-' of 
added cobalt or nickel. Duxbury & Bicknell, (1983) found soil organisms 
showing both single and muliple reistance to elevated levels of cobalt, copper, 
zinc and nickel. No plasmid analysis was performed in the above mentioned 
study but Duxbury and Bicknell suggested that Gram-negative bacteria were 
more tolerant than Gram-positive bacteria and perhaps, in the presence of low 
levels of heavy metals, the Gram-negative organisms could survive without the 
need for plasmid-mediated resistance. It is unlikely that any of the cultures used 
in this study carried resistance plasmids because they would have been lost 
many generations ago. The ability to grow in these high metal concentrations 




7.1 GENERAL CONCLUSIONS 
One of the main organisms used in this study was Zoogloea ramigera. The 
normal habitat for this organism is in the sewage system where it can withstand 
high concentrations of toxic metals. It produces a capsulate polymer which 
appears to have the capacity to adsorb a high concentration of toxic metals. 
There are several reports concerning metal uptake by the polymer, but few 
concrete facts are known concerning the actual structure of this polysaccharide. 
Different research groups have found different repeat units, and this study 
noted the presence of acetyl groups. If the actual mechanism of ion binding is to 
be determined then the structure and physical characteristics of the polymer 
must be fully elucidated. There is however the possibility that there is no tight 
regulation governing the repeat unit of the polymer and it would be very 
interesting to study the composition of the polymer under different growth 
conditions, to examine any possible variation in composition. 
This study found that the presence of acetyl groups in polymers played a very 
important role in governing the physical characteristics and ion binding 
properties of the polymers. So far, little research has been concentrated on this 
small but important substituent. In this study, compositional analysis of the 
succinoglycan produced by Rhizobium mellon showed that the polymer 
contained acetyl groups. The presence of this group increased the transition 
temperature at which the polymer, in solution, was converted from the ordered 
to the disordered form, whereas the presence of pyruvate and succinate, other 
non-carbohydrate substituents, appears to destabilise the structure of the 
polymer (Fidanza et al., 1989). The actual reason for the acetyl stabilisation is 
unknown, although the presence of acetyl groups also influences the transition 
temperature of xanthan solutions (Dentini et al., 1984). 
The effect of acetyl groups on the behaviour of polymers was most clearly seen 
with the alginate samples. Alginates are highly anionic polymers capable of 
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binding a range of cations and the high uptake capacities found for the algal 
alginates was due to this high linear charge density. Uptake of cations by a 
range of alginate samples showed that the capacity for uptake and selectivity 
between cations depended on the monomeric composition and diad frequencies 
of the polymers and ionic size was important when considering the uptake of 
cations. Results also showed that uptake and selectivity depended on the 
physical state of the alginate - ion uptake and selectivity for alginates in the sol 
state were lower than previous results found by Smidsrod & Haug, (1972) for 
alginates in the gel state. This is due to gel state alginates being capable of 
cooperative cation binding at the high concentrations of polymer used. 
One of the main structural differences between algal and bacterial alginates is 
the presence of acetyl groups in the latter. The presence of acetyl groups in the 
latter drastically affects the physical properties of the bacterial alginate in 
comparison to algal alginate. In this study, the acetylated bacterial alginates and 
a chemically acetylated algal alginate all showed a significant decrease in 
uptake capacity and selectivity between cations. As an explanation, it is thought 
that the acetyl groups sterically inhibit the binding of cations, in particular 
calcium. 
Research by Haug, (1961) showed that alginates were capable of removing 
significant amounts of heavy metals from solution. Commercial use of alginates 
for this role seems unlikely due to cost and problems with supply. Bacterial 
producers of alginate would be better commercial sources of the polymer 
although cost would again have to be considered. The bacteria would grow 
quickly in situ and produce copious amounts of polymer. Release of the metals 
from the polymer could be achieved by decreasing the pH (section 4.5). There 
are however several problems with the use of bacterial alginate. Firstly, 
bacterial alginate contains acetyl groups, which as shown in chapter 4, virtually 
destroys uptake and selectivity. No literature has been published concerning 
167 
toxic metal removal by bacterial alginates, but it would be interesting to analyse 
the uptake by both native and deacetylated forms of the polymer. The second 
problem is the use of Pseudomonas strains. P. aeruginosa is an opportunistic 
pathogen and other strains of Pseudomonas that produce alginate can be 
potentially pathogenic. The ideal situation would be to obtain a strain of A. 
vinelandii that would produce copious amounts of alginate in its deacetylated 
state. Perhaps if growth conditions were varied, organisms could be isolated that 
produced alginate lacking acetyl groups. Another advantage of using 
deacetylated alginate over other polymers is its heat resistance. The polymer 
could be used directly in industry to remove toxic metals from hot effluent 
before discharge into water-courses (section 4.3). 
The alginate produced by the strain of P. aeruginosa appeared to form gels on 
addition of Ca2+ but the gels formed were unstable to the effects of heat. 
N.M.R. studies showed that the polymer lacked the consecutive G residues 
needed for gelation of algal alginates and A. vinelandii alginate. It appears that 
the gelling mechanism for this polymer differs from that of algal and 
Azotobacter alginates, and with further research, the gelling mechanism could 
perhaps be determined. 
The effect of acetyl groups in other polymers was also studied in relation to ion 
uptake at low polymer and ion concentrations. Results suggested that acetyl 
groups are involved in ion binding, although the effect was different from that 
seen with the alginates. With the alginates, it appeared that the acetyl groups 
were sterically inhibiting ion binding. Sterical inhibition is also thought to play a 
role in A3(sl) gelation - the acetyl group is inhibiting polymer chain association 
that is necessary for gelation. No sterical effect was found in this study. The 
presence of acetyl groups appeared to affect the selectivity of the polymers and 
the preference for divalent ion uptake. The acetyl groups appeared necessary 
for the expected ion uptake patterns and removal of these groups appears to 
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change the selectivities. Information is lacking concerning the actual binding 
mechanisms used by these polymers, but it would be very interesting to 
determine why the acetyl groups played such an unusual role in ion binding. The 
need for acetyl groups to maintain the expected selectivities cannot be easily 
explained. 
Due to lack of time, the uptake of toxic cations by these polymers could not be 
determined, so the possible roles in toxic metal removal could not be evaluated. 
From the results obtained, it could perhaps be speculated that A3(sl) and XM6 
would remove the highest amount of toxic cations, although previous studies on 
the Zoogloea polymer suggest that it has a large toxic ion removal capacity. It is 
not only the maximum uptake that must be considered when examining 
polymers that could be used to remove toxic metals. It is very important to 
consider the extent to which the polymers remove essential, non-toxic metals. 
Both A3(sl) and XM6 showed high uptake of non-toxic cations, so even if they 
removed large quantities of toxic metals, the problem of removing essential 
metals would be considerable. Previous results with the Zoogloea polymer show 
that it has a high capacity to remove toxic metals whereas results from this study 
showed that it had a low capacity to remove essential metals. This organism and 
polymer might therefore prove to be a good choice. 
One other point must be considered if the use of live biomass is to be used to 
remove toxic metals. The organisms must be capable of surviving and growing in 
high concentrations of heavy metals. When metal toxicity was examined, 
analysis was difficult due to components in the growth media affecting the 
toxicity of the metals. Nickel and cobalt were the most toxic metals examined. 
The bacteria that elaborated A3(sl) and XM6 appeared the most resistant 
organisms. The Pseudomonas species (alginate producers) were also fairly 
resistant but there would be problems with potential pathogenicity. The other 
alginate producer, A. vinelandii, appeared very sensitive to the heavy metals, 
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perhaps due to its nitrogenase enzyme. Z. rainigera did not appear as resistant 
as expected, but in the environment, ion concentrations would perhaps not be as 
high as those tested here. One important finding was that continued exposure to 
the metals resulted in increased resistance to the metals. Organisms could thus 
be developed with high resistances to toxic metals so that environmental 
exposure to the metals would not result in inhibited growth. Organisms that 
elaborated a polymer did not appear to be more resistant than organisms that 
lacked one. Bitton & Freihofer, (1978) showed that polymer produced by a 
strain of K aerogenes protected the organism against the toxic effect of copper 
and cadmium. Of the bacteria used in the present study, only the Pseudomonas 
strains were isogenic. Perhaps different results would have been seen if the two 
Kiebsiella strains and the two Azotobacter strains had been isogenic. 
It must be remembered that the strains used in this study have been grown on 
artificial laboratory medium for many generations and would thus probably 
react differently from freshly isolated strains. It would be interesting to isolate 
polymer producers from contaminated waters and immediately analyse their 
resistance to metals and the polymer uptake capacity and selectivity to 
determine if they had adapted to their environmental conditions. 
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